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ABSTRACT

Role of ciliary proteins ADP Ribosylation Factor Like GTPase 13B
(ARL13B) and Bardet-Biedl Syndrome-8 (BBS8) in photoreceptor outer segment
morphogenesis, maintenance and viability
Tanya Lee Dilan Perez
Photoreceptor neurons are modified primary cilia with an extended ciliary compartment known as the
outer segment (OS). The mechanisms behind the elaboration of photoreceptor cilia, OS morphogenesis,
and maintenance remain poorly understood. In this work, we focused on dissecting the role of two
ciliary proteins, the small GTPase ADP-ribosylation factor-like GTPase 13B (ARL13B) and BardetBiedl Syndrome-8 (BBS8) in the context of photoreceptor biology. Both BBS8 and ARL13B are linked
to defects in ciliogenesis (cilia development) and Retinitis Pigmentosa (vision loss). ARL13B is
implicated in regulating ciliary length, and recent research has demonstrated that ARL13B is the
guanine nucleotide exchange factor (GEF) or activator of ARL3, a known regulator in the transport of
phosphodiesterase and other lipid-modified proteins. BBS8 is part of the Bardet-Biedl Syndrome
complex (BBSome); the BBSome is a stable multiprotein complex linked to retinitis pigmentosa, yet its
role in photoreceptor neurons remains poorly understood. It is thought that the BBSome is essential for
ciliogenesis and anterograde protein trafficking. However, recent studies have questioned these findings
in photoreceptor cilia. Recent findings connect the BBSome with the connecting cilia (transition zone)
diffusion barrier, in this region, it is thought that the BBSome acts as a gatekeeper and aids in
maintaining the protein composition of photoreceptor outer segments.
To investigate the role of ARL13B and BBS8 in the development and maintenance of ciliated
photoreceptor neurons in vivo, we generated pan-retina knockout models of both proteins, with ablation
of the protein taking place at embryonic day 9.5. Additionally, to study the role of these proteins in fully
mature rod photoreceptors, we utilized a rod photoreceptor-specific tamoxifen-inducible murine model
(PDE6g-CreERT2 ). This murine model allowed us to ablate our proteins in fully formed rod
photoreceptors and study the effects on photoreceptor maintenance. Our studies showed that both
ARL13B and BBS8 are needed for photoreceptor viability during postnatal retinal development;
ARL13B mutants, however, displayed additional defects in retinal proliferation compared to BBS8. In
BBS8 mutants, outer segments and their characteristic membranous discs were able to develop, but they

became highly dysmorphic over time. In contrast, outer segments in ARL13B-null retina failed to form,
where the OS did form, they resembled highly vesiculated rudiments. The length of the microtubule
axoneme was affected in both models of cilia disease. However, BBS8-null axonemes had increased
tubulin acetylation. Although tubulin hyperacetylation was not present in ARL13B-null retina, we found
intraflagellar transport protein-88 (IFT88), to be highly mislocalized. IFT88 is an IFT-B complex
protein crucial for the transport of tubulin dimers to the growing axoneme.

As mentioned previously, ARL13B has been shown to be the activator of ARL3 in vitro; our findings
indicate the miss-accumulation of ARL3-associated cargoes (i.e., Phosphodiesterase 6 or PDE6) in
ARL13B-null retina. As with other BBS models, deleting BBS8 resulted in the accumulation of inner
segment proteins to the photoreceptor outer segment (i.e., Syntaxin 3). Interestingly we also observe
mislocalization, albeit at reduced levels, of Syntaxin 3 in ARL13B-null photoreceptors. BBS8 deletion
resulted in dynamic changes to other BBSome partner subunits. One subunit we found to be highly
increased in the absence of BBS8 was BBS4, the most similar to BBS8 in terms of structure (i.e.,
tetratricopeptide repeat domain protein). Lastly, tamoxifen-inducible BBS8-null mutants took an
average of three months to lose visual function. In contrast, ARL13B mutants took only three weeks to
develop reduced photoresponse.

In conclusion, in this study, we sought to perform a careful analysis of the different phenotypic profiles
present in both BBS8 and ARL13B mutant models. We were able to show apparent deviations in
photoreceptor cellular processes ranging from early retinogenesis, photoreceptor outer segment
development, maintenance, and protein transport. Current studies are now focused on determining what
specific protein domains of both ARL13B and BBS8 correlate to different photoreceptor processes and
how these domains are affected in diseased states.
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1
Introduction
1.1 The Mammalian Retina
The first step in the visual system consists of focusing and transmitting light onto the neural retina, a
thin layer of tissue (~0.3mm thick) lining the posterior eyewall. The retina acts as a light receiver,
amplifying, extracting, and compressing light stimuli into electrochemical signals, which are
subsequently passed on to the midbrain and thalamus through the optical nerve. (Figure 1.1) (4-6).
The retina is a highly laminated structure with three layers and five types of neurons. The ‘light-sensing’

Figure 1.1: The visual system. A) Cross-section of the eye, the black square is enlarged in B) to depict the
retina. Cross-section of a murine retina stained with toluidine blue depicting the distinct retinal layers. C)
Rod and cone photoreceptors in contact with the retinal pigment epithelium representing the outer nuclear
layer.
cells, termed photoreceptors, are found in the outermost part of the retina, in contact with the Retinal
1

Pigment Epithelium (RPE) (6). The photoreceptor cell bodies make up the so-called "outer nuclear
layer" of the retina (Figure 1.1B). The next layer is called the inner nuclear layer, which contains the cell
bodies of the retinal interneurons (i.e., horizontal cells, bipolar cells, and amacrine cells). The last and
innermost layer—the ganglion cell layer—houses the retinal neurons whose axon terminals are part of
the optic nerve, the conduit from the retina to the higher-order central nervous system (Figure 1.1B) (5).
Photoreceptors are divided into two categories, rods and cones, based on their structure and function.
Rods mediate vision in dim light conditions and are the predominant cell-type within the retina(5).
Cones mediate vision under bright light conditions and are also responsible for color vision. Both rods
and cones have distinct compartments: 1.) the outer segment, which is comprised of stacked
membranous discs packed with proteins necessary to sense light photons (a process termed the
“phototransduction cascade”), 2.) the inner segment, which houses the metabolic (mitochondria) and
protein synthesis (endoplasmic reticulum, Golgi complex) machinery needed to fulfill the energetic
requirements and the synthesis and folding of new proteins in the neuron (4-6), and 3.) the synapse,
where vesicles are tethered to provide tonic release of glutamate to neighboring retinal interneurons (7,
8).

1.2 The outer segment is a modified primary cilium
The photon-sensing compartment of photoreceptor neurons, also known as the outer segment (OS), is
comprised of membranous-stacked discs that get entirely renewed every ten days through phagocytosis
by the retinal pigment epithelium (RPE) (9). This compartment is connected to the inner segment and
the rest of the cell body via a narrow bridge-like structure termed the connecting cilia (CC)/transition
zone. Together, the outer segment and connecting cilia make up the modified primary cilia
compartment of the photoreceptor. Cilia are microtubule-based organelle protrusions that are formed
2

from centriolar anchors, also known as basal bodies (10). There are two types of cilia: motile cilia and
primary (or non-motile) cilia. Primary or sensory cilia are usually present as a single structure in most
mammalian cells, where they extend from the apical plasma membrane and have evolved to act as
signaling ‘antennae’ to sense extracellular molecules and mechanical force (11). Motile cilia are mainly
found in specialized cells in the vertebrate system (i.e., sperm, lateral ventricle, respiratory ducts, female
reproductive system) (12).

1.2.1 Ciliary structures found in photoreceptor neurons

Figure Legend next page
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Figure 1.2.1 Ciliary structures are conserved between modified photoreceptor cilia and conventional
primary cilia. A) Schematic diagram comparing primary cilium (A) with photoreceptor cilia (outer segment)
(B); Cilium in (A) is subdivided into tangential sections showing the different sub-ciliary compartments (bottom
to top): basal body, transition zone, axoneme doublets, and axoneme singlets. C)Electron micrograph of a murine
photoreceptor depicting the ciliary basal body, connecting cilium (transition zone), axoneme, and the modified
ciliary outer segment discs. Diagrams adapted and modified from Pearring et al., 2013.

Photoreceptor outer segments share major structural compartments with traditional primary cilia, i.e., the
axoneme and basal body (6). These compartments are highlighted in Figure 1.2.1a-b. The ciliary
axoneme is a bundle of nine circumferentially arranged doublet microtubules (consisting of a full Atubule that scaffolds a partial B-tubule, Figure 1.2.1b), which extends upward from an anchor point, also
known as the mother centriole/basal body (Figure 1.2.1a) (11, 13). The photoreceptor axoneme is
arranged in a "9+0" configuration (Figure 1.2.1b). This is distinct from motile cilia, which forms a "9 +
1" configuration with an extra inner doublet (14). Between the basal body and ciliary axoneme, there is
a transition zone (connecting cilia) where triplet MTs become doublets (Figure 1.2.1b) (6). In contrast
to the axoneme of a traditional primary cilium—which is characterized by microtubule doublets—the
photoreceptor outer segment axoneme contains regions of doublet and singlet microtubules
(Figure1.2.1b) (15-17). The relative length of the axoneme differs between rod and cone

Figure 1.2.2 Arrangement of Axonemal
microtubules. A) Arrangement of
axonemal microtubules into nine
microtubule doublets. B) Enlarged square
from a) depicting a doublet consisting of a
complete A- tubule and a partially
complete B-tubule. The anterograde IFT
motor Kinesin II binds to the B-tubule
while the retrograde IFT motor Dynein 2
binds to the A-tubule.
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photoreceptors; Rod axonemes extend through most of the outer segment (in most species), whereas
cone axonemes extend through the entire length of their outer segments (18-21). Starting from the base
of the connecting cilia, both photoreceptor cilia and traditional primary cilia have vane-like structures
connecting the microtubules at the intersection of the mother centriole and the axoneme termed
transition fibers (22). The molecular composition of the transition fibers remains an open area of
research. Additionally, the transition zones of both photoreceptors and primary cilia house structures
connecting the microtubules and plasma membrane called “Y-links” (23). Y-links anchor the
microtubules to the adjacent plasma membrane. The region of the plasma membrane were the Y-links
make contact is also known as the ciliary necklace (23).

The photoreceptor transition zone separates the ciliary compartment from the cell body (inner segment).
It serves as a diffusion barrier that regulates the entry and exit of proteins into and out of the cilium (2426). Elegant studies using a chemically inducible diffusion trap within cilia (C-IDTc) and in vitro
reconstitution of soluble trafficking across the ciliary gate of IMCD3 cells detected no ciliary entry for
proteins above 45kDa in size (25). In photoreceptors, Calvert and colleagues calculated the rate of
diffusion of soluble proteins by generating tandem fusion GPF moieties of different lengths and
expressing them in Xenopus retinae, showing an inverse relationship between size and OS accumulation
(27). Interestingly, this barrier effect is lessened with hypotonic swelling of the cell (and, by extension,
the outer segment), suggesting an alternate form of protein diffusion regulation which relies on steric
volume exclusion from the crowded OS disc space rather than the previously mentioned molecular sieve
model (27). In addition to the ciliary barrier mechanism, the composition and localization of transition
zone resident proteins is a growing area of research. Genetic interaction studies have revealed the
presence of three main modules (NPHPs, MKS, CEP290) as well as other protein components (i.e., the
5

BBSome, which will be the topic of chapter 2) within the transition zone. Ciliary proteins such as
SPATA7, retinitis pigmentosa GTPase regulator (RPGR) and RPGRIP1, which are not necessary for
primary cilia function, are critical for photoreceptor connecting cilia function (28-31). In addition, the
photoreceptor connecting cilia (~1.5µm in mice) is almost three times the length of the transition zone in
other cell types (~200-500nm) (31). Additionally, the highly elaborated photoreceptor outer segment at
the distal end of the connecting cilia requires unique (photoreceptor-specific) proteins and complex
membranous architecture, suggesting that the photoreceptor connecting cilia may have specialized
functions in order to aid in the morphogenesis and maintenance of the OS.

1.3 Photoreceptor outer segment morphogenesis
The initial steps of outer segment morphogenesis are similar to those of traditional primary cilia (6).
Similar to primary cilia, photoreceptor OS development commences with the docking of the mother
centriole to a ciliary vesicle (6). Upon attachment to the ciliary vesicle, axonemal extension begins at
the mother centriole, which causes the ciliary vesicle to invaginate and form the ciliary sheath. The
fusion of the ciliary vesicle to the plasma membrane leads to the outer segment becoming externalized
from the inner segment, and the outer sheath of the ciliary vesicle becomes the periciliary membrane (6,
32). Importantly, while these developmental steps are shared between photoreceptor and primary cilia,
the final stages of OS morphogenesis—specifically outer segment disc formation and OS extension—
remain unclear.

1.3.1 Intraflagellar transport and photoreceptor microtubule elongation
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The assembly of the photoreceptor axoneme (and traditional ciliary axoneme) requires the
translocation of vast amounts of tubulin heterodimers to the growing cilia. Since these tubulin subunits
are added to the distal plus-end of the growing axoneme, the delivery of tubulin subunits into the cilia
and their transport to the ciliary tip are crucial for cilia/photoreceptor OS assembly (33). The
intraflagellar transport (IFT) protein complex is a bidirectional movement process where large protein
complexes termed IFT trains are transported from the base of the cilia to the ciliary tip and vice-versa
(Figure 1.2.2). Kinesin-II family motor proteins are responsible for anterograde transport of cargo from
the base of the cilia to the ciliary tip, whereas dynein-2 motor proteins facilitate retrograde transport
from the ciliary tip back to the base of the cilia along on the axoneme (34, 35). First identified in the
flagella of Chlamydomonas, IFT’s are composed of at least 20 different proteins and dissociate into two
sub-complexes; IFT-A and IFT-B, as well as an accessory module consisting of Bardet-Biedl Syndrome
(BBS) proteins which will be discussed in detail later in this chapter (Figure 1.2.1) (36-39). Mutational
studies of IFT-A proteins in Chlamydomonas showed the accumulation of IFT-B proteins close to the
ciliary tip (bulged membrane phenotype), which suggested that IFT-A aids in the retrograde transport of
IFT-B proteins to the ciliary base (Figure 1.2.1)(38). Similarly, mutational studies of IFT-B proteins
show defective or abolished ciliogenesis leading to the conclusion that the IFT-B complex is likely
associated with anterograde transport (Figure 1.2.1) (35, 40). Previous reports suggest that the IFT
machinery plays an essential role in axonemal extension/regulation by aiding in the transport of tubulin
into cilia (41-44). In addition, mutations in IFT components result in the decreased ciliary entry of other
cargo proteins crucial for maintaining ciliary length regulation, one of them being MAP4 (microtubuleassociated protein, a negative regulator of ciliogenesis, which results in increased cilia length and
subsequent renal defects when defective) (45). In zebrafish photoreceptors, mutants of IFT-B
components (i.e., IFT88, IFT172) resulted in absent photoreceptor OS (46, 47). In murine models, the

7

deletion of IFT components results in embryonic lethality. Hypomorphic mutations of IFT88 in mice,
however, produced shorter and disorganized outer segments, as well as the mislocalization of OSresident proteins to the IS and ONL compartments (48). Interestingly, IFT88 (IFT-B member) defects in
murine photoreceptors resulted in the accumulation of extracellular vesicles; a phenotype also observed
in our studies (see Chapter 3).

1.3.2 Mechanism of photoreceptor OS disc morphogenesis
Photoreceptor outer segments (POS) are elaborated flattened membranous discs, analogous to thylakoid
membranes in chloroplasts. OS's contain hundreds of structural and phototransduction cascade proteins.
Rod photoreceptor outer segments (POS) start developing in the murine retina at postnatal day 8 (P8)
and are entirely mature by P21 (49). They are continuously renewed (~10% total disc content per day)
through phagocytosis mediated by the Retinal pigment epithelium (RPE) (9). The most widely
supported model of OS morphogenesis during photoreceptor development is the Steinberg et al.
membrane evagination model (50). This model proposes that the growth of the ciliary plasma membrane
creates an evagination that grows away from the ciliary axoneme. Specifically, rod discs are derived
from the plasma membrane at the distal tip of the connecting cilium. In this region, the membrane folds
inward, forming a disc that is still continuous with the plasma membrane. At this point, the lumen is
continuous with the extracellular space at the base of the connecting cilium (Figure 1.3.1a-b). As new
discs
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are formed, the older discs 'pinch' off and become free-floating (Figure 1.3.1b-c). It is thought that OS
discs are still linked to the plasma membrane and the photoreceptor axoneme via accessory proteins;
however, the mechanism and the identity of the proteins that drive OS disc evagination is still not fully
understood. Structural photoreceptor-specific proteins such as Peripherin-2/rds and Rom1, which
localize to the photoreceptor disc rims, have been proposed to be involved in this membrane fission
process ('pinching' off), but again the specific steps remain unclear (51, 52). In addition to structural
proteins, members of the phototransduction cascade are also thought to be important in maintaining the
structure of the OS discs. For example, it is presumed that Rhodopsin, the G-coupled protein receptor
(GPCR) essential for sensing light photons during the phototransduction cascade, also serves a
structural/maintenance role in photoreceptor discs, in addition to its primary role as a photon receptor
(53). This notion arises due to the protein being the most abundant photoreceptor disc protein, and from
Figure 1.3.1 Electron
micrograph
demonstrating open
discs; The boxed region
in A) is enlarged in B)
and illustrates as a
tracing in C).
Arrowheads show new
discs; arrows show
mature discs. (figure
adapted from Goldberg
et al., 2016,(3).

previous work showing that overexpression of Rhodopsin leads to disc enlargement, and that rhodopsin
availability limits disc assembly and outer segment girth in normal rods (53, 54).

9

1.4 Ciliopathies in the context of photoreceptor development and function

Figure 1.4.1. Associations between ciliary proteins, transport pathways, and ciliopathies. A) Main
ciliary pathways: Intraflagellar protein transport complex (IFT) and lipidated-protein intraflagellar trafficking
(LIFT); Ciliary proteins are transported from the Golgi and/or cytosol to the base of the cilium and
subsequently to the cilium proper. B) Ciliary proteins that comprise both the IFT and LIFT transport
pathways, the numbers indicate the ciliopathies (column C) that correspond to defects in these proteins. C)
Ciliopathies linked to defects in ciliary trafficking proteins and the tissue affected. Schematic adapted and
modified from Reiter et al., 2017.
Human diseases that affect cilia are known as 'ciliopathies' and are characterized by symptoms including
cognitive impairment, renal abnormalities, polydactyly, obesity, infertility, and vision loss (Figure
1.4.1c) (55). Ciliopathies are divided into two main categories: motile ciliopathies and sensory
ciliopathies (55). We will focus on sensory ciliopathies for the remainder of the chapter. As the name
implies, sensory ciliopathies arise from dysfunction of sensory/ signaling events within (mostly) primary
or non-motile cilia. Sensory ciliopathies can arise from 1) defective cilia formation, 2) aberrant ciliary
10

maintenance, 3) dysregulation of ciliary transduction pathway components, and/or 4) defective ciliary
transport or improper entry/exit of ciliary cargoes needed for proper function (55). As mentioned
previously, the molecular details governing photoreceptor outer segment disc morphogenesis and
maintenance remain poorly understood. The long-term goal of this study was to provide new insights
into photoreceptor outer segment development and maintenance. We focused on two ciliopathy proteins
that are linked to Retinitis pigmentosa (vision loss), are highly enriched in photoreceptor OS’s, and
have no known function in the phototransduction pathway: Bardet-Biedl Syndrome (BBS)-8 and ADPribosylation factor-like GTPase 13B (ARL13B). The following sub-chapters and chapters summarize
what is known about these ciliary proteins thus far, as well as the key findings of our studies in the
context of photoreceptor OS development, maintenance, and function.

1.4.1 Bardet-Biedl Syndrome and the BBSome complex
Bardet-Biedl syndrome (BBS) an autosomal homozygous recessive disorder characterized by a host of
traditional ciliopathy symptoms (renal cysts, infertility, excess digits, obesity, visual and hearing
impairment), and is one of the most common ciliopathies observed in patients (56). To date, 21 genes
have been associated with BBS, and a subset of these gene products forms a stable octameric complex
termed the BBSome (56, 57). In addition to the BBS proteins which constitute the core complex (BBS8,
BBS9, BBS1, BBS2, BBS7, BBS18/BBIP10, BBS4, and BBS5), the assembly of the BBSome relies on
the activity of a BBS–chaperonin complex comprised of BBS6, BBS10 and BBS12 in conjunction with
the CCT/TRiC (TriC: T-complex protein-1 ring complex) family chaperonins (58-60). Lastly,
membrane recruitment of the BBSome complex is aided by the small GTPase BBS3/ARL6, which binds
to BBS1 in its nucleotide-active form(57, 61). It was initially thought that the BBSome's primary role
was to serve as a coat complex and aid in the transport of proteins to the cilia—specifically GPCR's—as
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evidenced by the lack of somatostatin receptor 3 (SSTR3) and melanin-concentrating hormone receptor
1 (MCHR1) in neuronal cilia of Bbs mutant mice (62, 63) . Recent studies, however, point to a role in
aiding protein exit from the cilium via retrograde transport (64, 65). Nager and colleagues demonstrated
that SSTR3, in cells treated with somatostatin (SST), failed to exit in BBS3 knockout IMCD3 cells (65).
Instead, the receptor accumulated in the ciliary tip and subsequently released as an 'ecto-vesicle' by
fission of the ciliary tip through an actin-dependent pathway. This accumulation of SSTR3 and
subsequent removal via ecto-vesicles was also observed in BBS1 and BBS2 knockout cell lines (65).
Therefore, we may observe an absence of SSTR3 in neuronal cilia because the cilia are undergoing this
fission event in order to clear the accumulated GPCR's in BBS mutants. Additionally, and in agreement
with its role in trafficking, the BBSome has been shown to travel at velocities similar to IFT in the cilia
of murine olfactory sensory neurons, and defects in IFT particles leads to aberrant BBS subunit
localization (66, 67). It is thought that the BBSome acts as an adapter for IFT trains; however, there is
no clear evidence of direct interaction between BBS subunits and the IFT complex (68).

1.4.2 The BBSome in the context of murine photoreceptors and Bardet-Biedl syndrome protein 8
Functional genetic studies using mouse models all point towards a similar trend amongst BBS subunits
in that embryonic removal of BBS subunits leads to slow progressive loss of photoreceptors (69-71).
For example, BBS2-/- mice displayed a loss of photoreceptors at around P42 (69). Similarly, BBS4-/and BBS7-/- retina experiences photoreceptor loss starting at six weeks and six months, respectively (70,
71). At present, two known mutations in BBS8 cause non-syndromic Retinitis Pigmentosa (vision loss),
IVS1–2A > G, and c.1347G > C (p.Gln449His) (72, 73). Bardet-Biedl Syndrome protein 8 (BBS8), also
known as TTC8, is a tetratricopeptide repeat protein and a component of the BBSome complex. The
previously mentioned IVS1-2A>G mutation leads to the missplicing of BBS8 exon 2A, which results in
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a frameshift in the BBS8 reading frame (Riazuddin et al., 2010a; Murphy et al., 2015b). It subsequently
eliminates the protein, specifically in photoreceptor neurons (72, 74). This photoreceptor-specific
phenotype is due to Exon 2A being skipped in other cell types, explaining why other cell types are not
affected by the mutation (74). These findings prompted us to perform a more in-depth study of the
unique role of ciliary BBS8 in vision (Chapter 2).

1.4.3 The small GTPase ARL13B and its diverse ciliary roles
Small GTPases are molecular “switches” that cycle between GTP bound “on” and GDP bound “off”
states (75, 76). The ciliary protein ADP-ribosylation factor-like GTPase 13B (ARL13B) is an atypical
small GTPase within the ARF/ARL family of small GTPases. ARL13B is larger compared to other
ARF/ARL family members, with an extra ~20 kDa C-terminal domain containing a coiled-coil domain
and a proline-rich domain (PRD) (77, 78). Furthermore, ARL13B contains two cysteine residues in the
N-terminal region that are reported to be palmitoylated (77, 79). This lipid modification aids in function,
stability, membrane association, and ciliary localization of the protein (79). ARL13B is highly enriched
within primary cilia and ablating the protein leads to shorter cilia. However, most interestingly,
overexpression of the protein leads to an increase in cilia length, suggesting a potential role as a ciliary
length regulator (78, 80). Moreover, ARL13B is the guanine nucleotide exchange factor (GEF) or
activator of ARL3, another small GTPase linked to Retinitis pigmentosa (81). Activation of ARL3 is
essential for the transport of prenylated protein cargoes to the POS (2, 82, 83).

ARL13B was first linked to cilia development (ciliogenesis) in a zebrafish model carrying a mutant gene
(scorpionhi459), which exhibited polycystic kidneys and defective cilia formation in the pronephric duct
(84). Additionally, mutations in ARL13B have been linked to Joubert Syndrome (JS), an autosomal
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recessive ciliopathy characterized by congenital cerebellar ataxia, hypotonia, abnormal eye movements,
cognitive impairment and the hallmark “Molar tooth” sign (elongation of the superior cerebellar
peduncles) (85). Germline deletion of Arl13b in mice (known as hennin mutants) resulted in embryonic
lethality with hennin mutant embryos displaying anophthalmia (lack of eye formation) (78). Extensive
work has been done in understanding ARL13B’s regulatory role in Sonic Hedgehog (Shh) signaling,
with mice lacking ARL13B showing disruptions in Shh signaling and defective neuronal tube patterning
(78, 86-88). At present time, ARL13B-dependent regulation of Shh signaling in the retina remains
elusive.
1.4.4 ARL13B-GEF activation of ARL3 in the context of photoreceptors
ARL13B was first identified as an ARL3 interactor in a yeast-2-hybrid (Y2H) screen, and ARL13BGEF activity towards ARL3 was confirmed by measuring fluorescent GDP-analogue dissociation rates,
which were significantly accelerated in the presence of ARL13B in a concentration-dependent manner
(Figure 1.4.2) (81). ARL3-null retina is shown to have a similar, albeit slower retinal phenotype
compared to ARL13B-null retina (82, 89). The ARL13B GEF role towards ARL3 has not been carefully

Figure 1.4.2 GTPase cycle of ARL13b and ARL3
A) ARL3 activation by GDP/GTP exchange stimulated
by the guanine nucleotide exchange factor (GEF)
ARL13B in its GTP active form. Inactivation of ARL3
by GTP hydrolysis stimulated by its GTPase activating
protein (GAP) Retinitis pigmentosa-2 (RP2). Mutations
in ARL3 and RP2 are linked to Retinitis pigmentosa (1,
2)

studied in an animal model, and it is a vital avenue for future research towards understanding ARL13B’s
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regulatory roles in photoreceptors.

1.4.5 ARL13B and Joubert Syndrome patient mutations
A JS homozygous patient mutation occurring in the highly conserved GTP-binding domain of ARL13B
(c.G236A, p.R79Q) was shown to interfere with GTPase binding activity (Figure 1.4.13) (85, 90). A
more recent study, however, demonstrated that the GTP binding activity of the p.R79Q mutation is not

Figure 1.4.3 Schematic diagram of ARL13B gene structure. ARL13B functional
domains and patient mutations linked to JS (p.G75R, p.R79Q, p.Y86C, and p.R200C),
modified from Rafiullah et al., 2017.
affected, but that the ARL3 GEF activity was impaired (90). These confounding differences could be
potentially attributed to the different protein expression systems used in each study; Cantagrel and
colleagues used a bacterial system for protein expression, and the Khan study utilized mammalian
expression of ARL13B for their biochemical assays. Interestingly, the p.R79Q patient showed evidence
of mild retinopathy with no changes in visual response as judged by electroretinograms. In addition, the
other two siblings carrying the mutations did not present any signs of retinopathy (85). It is worth noting
the other two siblings with p.79Q mutations and no visual phenotype also carried an additional ciliarelated mutation (85). There is evidence of phenotypic amelioration in mouse models carrying two ciliarelated mutations as opposed to one mutation (91). Visual impairment in the context of ARL13B was
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first reported in a JS patient carrying a homozygous missense variant in ARL13B/JBTS8 (c.257A>G,
p.Tyr86Cys). This patient exhibited classic JS symptoms, including retinal impairment (92). The
variability in visual phenotype may reflect a unique requirement for ARL13B in visual function. To this
end, we anticipate that future work will focus on determining the differences between patient mutations
that lead to a visual phenotype and those that do not (see Chapter 4). Understanding these differences at
a molecular level will contribute significantly to further understanding ARL13B's function and that of its
functional domains in the context of photoreceptor viability and function.

1.4.6 ARL13B deletion in zebrafish leads to a mild retinal phenotype
The role of ARL13B in photoreceptor function and vision remained elusive until a recent study assessed
the retina in the scorpionhi459 zebrafish model (93). Loss of ARL13B in the retina revealed that the small
GTPase is not crucial for zebrafish retinal development (93). Ultrastructural analysis of scorpionhi459
zebrafish retinas revealed no evidence of photoreceptor outer segment disorganization or ciliary defects
(93). These results varied greatly with our murine model studies (Chapter 3). Rhodopsin was localized
correctly to the OS of the scorpionhi459 photoreceptors. However, in this zebrafish model, OS's were
shorter, and photoreceptors underwent progressive degeneration (93). Interestingly, ablating ARL13B
in murine photoreceptors (Chapter 3), leads to a very severe phenotype compared to zebrafish studies.

1.5 Conclusions
Cilia, once thought to be vestigial organelles, have now been associated with several syndromic blinding
diseases. Retinitis pigmentosa or early vision loss is a common symptom of ciliary diseases or
'ciliopathies'; despite its prevalence as a ciliopathy symptom, the connections between ciliary defects
and vision loss are just now being carefully elucidated. In the visual system, photon-sensing beings in
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the retina, specifically within photoreceptor neurons. Photoreceptor contains a highly modified primary
cilia compartment termed the outer segment. This compartment houses all the necessary protein
machinery for visual phototransduction to commence. The outer segment undergoes constant renewal,
and it's a site for massive protein trafficking. Despite abundant studies focusing on the molecular
mechanism behind the phototransduction cascade pathway, how the outer segment compartment is
elaborated, and how its maintained remains poorly understood. In this work, we sought to determine the
role of two ciliary proteins, Bardet-Biedl Syndrome-8 (BBS8) and ADP ribosylation factor-like 13B
(ARL13B), in photoreceptor outer segment morphogenesis, maintenance, and viability. Mutations in
BBS8 and ARL13B are both linked to Retinitis Pigmentosa (vision loss) and the ciliopathy diseases
Bardet-Biedl Syndrome and Joubert Syndrome, respectively. In addition, previous reports have shown
both proteins are crucial for ciliary development and signaling; however, their role in photoreceptor cilia
remains poorly understood. The following chapters delineate our results and future perspectives for both
BBS8 and ARL13B in the context of photoreceptor cilia.
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ABSTRACT
Bardet-Biedl syndrome (BBS) is an autosomal recessive ciliopathy characterized by developmental
abnormalities and vision loss. To date, mutations in 21 genes have been linked to BBS. The products
of eight of these BBS genes form a stable octameric complex termed the BBSome. Mutations in
BBS8, a component of the BBSome, cause early vision loss, but the role of BBS8 in supporting vision
is not known. To understand the mechanisms by which BBS8 supports rod and cone photoreceptor
function, we generated animal models lacking BBS8. The loss of BBS8 protein led to concomitant
decrease in the levels of BBSome subunits, BBS2 and BBS5 and increase in the levels of the BBS1
and BBS4 subunits. BBS8 ablation was associated with severe reduction of rod and cone
photoreceptor function and progressive degeneration of each photoreceptor subtype. We observed
disorganized and shortened photoreceptor outer segments (OS) at post-natal day 10 as the OS
elaborates. Interestingly, loss of BBS8 led to changes in the distribution of photoreceptor axonemal
proteins and hyper-acetylation of ciliary microtubules. In contrast to properly localized
phototransduction machinery, we observed OS accumulation of syntaxin3, a protein normally found in
the cytoplasm and the synaptic termini. In conclusion, our studies demonstrate the requirement for
BBS8 in early development and elaboration of ciliated photoreceptor OS, explaining the need for
BBS8 in normal vision. The findings from our study also imply that early targeting of both rods and
cones in BBS8 patients is crucial for successful restoration of vision.
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INTRODUCTION

Bardet-Biedl syndrome (BBS) is a pleiotropic ciliopathy often accompained by vision loss (94-99). A
subset of gene products linked to BBS (BBS1, BBS2, BBS4, BBS5, BBS7, BBS8, BBS9, BBIP1 or
BBS18) interact to form an octameric complex termed the BBSome (58, 100). In neurons, the
BBSome promotes the trafficking of GPCRs to ciliary membranes (58, 101). The proposed trafficking
of GPCRs by the BBSome is supported by animal models that show mis-localization of Stomatin-like
protein 3 (SLP3) in olfactory sensory neurons in the absence of BBS8 and melanin-concentrating
hormone receptor 1 (MCHR1) in neurons lacking BBS2 and BBS4 (102, 103).

The function of the BBSome in photoreceptor neurons is poorly understood despite multiple mutations
in BBS subunits associated with blinding diseases. In highly polarized photoreceptor cells, the major
GPCR rhodopsin is present in the outer segment (OS). The outer segment is an elaborated stack of
ciliary membranes that house proteins involved in the phototransduction cascade. The outer segment is
attached to the photoreceptor cytoplasm (inner segment) by the connecting cilium, a narrow conduit
through which proteins synthesized in the cytoplasm move to the OS (104, 105). The entire
photoreceptor OS is renewed every 10 days as new discs are formed at the base of the OS, while apical
disc membranes are phagocytized by the retinal pigment epithelium (RPE) (106). The constant
renewal of the OS requires a robust and tightly regulated protein trafficking system and is crucial for
the proper function of photoreceptors. By analogy to its role in trafficking GPCRs in neurons, it was
thought that rhodopsin, a GPCR, is also transported to the outer segment by a mechanism involving
the BBSome. However, the evidence for the involvement of BBSome in trafficking rhodopsin is weak
(105). Recent work has suggested an alternative role for the BBSome in photoreceptors, where it acts
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either as a ciliary gatekeeper or in retrograde protein movement to keep cytoplasmic proteins out of
the photoreceptor OS (107).

Bardet-Biedl Syndrome protein 8 (BBS8), also known as TTC8, a tetratricopeptide repeat (TPR)
protein and a component of the octameric BBSome complex (58, 94, 100). Bardet-Biedl Syndrome
patients with mutations in BBS8 were first reported in families of Saudi Arabian and Pakistani lineage.
These patients displayed obesity, excess digits, developmental delay and onset of retinitis pigmentosa
as early as one year of age (94). Interestingly, two mutations in BBS8, IVS1-2A>G and c.1347G>C
(p.Gln449His) cause non-syndromic Retinitis pigmentosa (RP) (108, 109). The phenotype of IVS12A>G mutation is confined to photoreceptor cells through cell type specific alternative splicing, which
causes BBS8 protein ablation specifically in photoreceptors (110). The mechanism of the nonsyndromic RP phenotype of c.1347G>C (p.Gln449His) has not been investigated, but possible
scenarios include a splicing mechanism similar to the IVS1-2A>G mutation, or a unique role for BBS8
in photoreceptors (108). In this study, we sought to gain insight into the role of BBS8 in
photoreceptor neurons. Our studies show an early and crucial role for BBS8 in elaboration of the
photoreceptor outer segments, their function and subsequent survival. Interestingly, loss of BBS8 led
to changes in the composition of cognate BBS partner subunits that form the octameric BBSome
complex, and altered distribution of ciliary markers demonstrating a critical role for BBS8 in
development of photoreceptor cilium.
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RESULTS

Generation of complete and retina specific BBS8 knockout animals
To study the role of BBS8 in photoreceptor cells, we recovered a BBS8 global knockout (BBS8-null)
mouse model from sperm obtained from UC Davis KOMP repository. This line contains a stop cassette
that knocks in a β-galactosidase reporter after exon 2 and terminates the Bbs8 gene transcription (Fig.
1A). While we obtained sufficient number of complete knockout animals for our experiments, the
number of knockout pups from heterozygous crosses was always below Mendelian ratios. Additionally,
the knockout males were infertile and females were obese (data not shown). To avoid these confounding
issues, we generated a retina specific BBS8 knockout (Ret-Bbs8) using a Cre recombinase under Six3

Figure 1. Validation of animal models used in this study.(A) Schematic of the KOMP Bbs8 null allele and the generation of
floxed and conditional Bbs8 alleles. In the KOMP knock-in, exons 3,4 and 5 of the Bbs8 gene are floxed. In addition, a lacZ
reporter and Neomycin resistance cassettes are knocked-in between exons 2 and 3. The reporter cassettes contain poly-adenylation
sites that terminate the transcription of the Bbs8 gene. Flp recombination deletes the two cassettes, restores BBS8 protein
expression and creates a floxed Bbs8 allele. Subsequent Cre expression from cell or tissue specific promoter excises exons 3,4 and
5 and creates a conditional knockout allele. (B) Western blot validation of the animal models and the specificity of the BBS8
antibody. Equal amount of retinal extracts (100 µg) from postnatal day 10 (P10) BBS8 null (-/-) and littermate controls (+/+, wildtype and +/-, heterozygous animals) were loaded on SDS-PAGE followed by immunoblotting with an antibody against the Ctermini of BBS8 (Left Panel). On the right, retinal extracts from P15 Ret-Bbs8 animals (+/+, Six3-Cre: Bbs8 fl/fl), +/-, (Six3-Cre:
Bbs8 fl/+ were loaded. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) serves as a loading control. Extracts from cultured
N2A cells transfected with plasmid over-expressing Bbs8 (+) or vector control (-) were used to test the specificity of the BBS8
antibody used.
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promoter (Fig. 1A). Retinal extracts of BBS8-null and the pan-retina specific BBS8 knockout (RetBbs8) animals showed no detectable BBS8 protein (Fig. 1B). To demonstrate the specificity of the
antibody, we overexpressed BBS8 in Neuro 2a (N2A) cells (N2A +, in Fig. 1) and cell extracts were
probed for BBS8 by immunoblotting. In comparison to mock-transfected N2A cells, a robust
immunoreactivity corresponding to BBS8 was found in Bbs8 transfected cells, verifying the specificity
of the antibody employed in this study (Fig. 1B).

Early reduction in rod photoresponse in the absence of BBS8
To assess the photoreceptor function in the absence of BBS8, we measured scotopic (dark-adapted) and
photopic (light-adapted) responses by electroretinography (ERG) in Ret-Bbs8-/- animals (Fig. 2). The
two primary measures of electroretinography are the amplitudes of the ‘a’ and 'b' waves, which reflect
photoreceptor activity and inner neuron activity, respectively (111). At P16, an age when retinal
development is largely complete, but photoreceptor outer segments (OSs) in wild-type retinas have not
yet achieved their full length, scotopic and photopic ERG responses were significantly reduced (Fig.

Figure legend on next page
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Figure 2. Reduced photoresponse as measured by electroretinography (A) Scotopic ERG response from Ret-Bbs8
+/+
(Black) and Ret-Bbs8 −/− (Grey) animals measured at P16 (left panel). Representative trace of a scotopic ERG
response measured at -0.8 cd.s-1m2. Photopic ERG response measured under light-adapted conditions at 0.69 log cd.s-1m2
at P16 (right panel). (B) Decline in rod photoreceptor response measured by “a” wave response plotted against the age of
the animal at which ERG was recorded. Data are represented as mean ± SEM (n=6, unpaired two-tailed t-test; * P <
0.05, **P < .0009). (C) Stimulus intensity curve of scotopic “a”-wave at P16 of Ret-Bbs8 −/− and littermate controls
(n=6). The data were fitted with a hyperbolic function with a half-saturating intensity of 0.07 ± 0.01 cd.s m -2 (Littermate
control, n=6) and 0.03 ± 0.01 cd.s m -2 (Ret-Bbs8-/-, n=6), and maximum amplitudes of 403 ± 20 µV (Littermate control,
n=6) and 219 ± 6 µV (Ret-Bbs8-/-, n=6). Data are represented as mean ± SEM (n=6, unpaired two-tailed t-test; * P ≤0.01,
**P ≤.0009).

2A). Scotopic “a”-wave amplitude was reduced by half in Ret-Bbs8-/- animals (218 ± 5 µV) compared to
wild-type littermate controls (403 ± 20 µV, n=6, Student’s t-test, P=0.0002) (Fig. 2A and 2C). The
scotopic response progressively declined as animals aged (Fig. 2B). In the absence of BBS8, the
scotopic light response saturated at lower light intensities (I½ = 0.07 ± 0.01 cd.s m -2 in Ret-Bbs8+/+ vs.
0.03 ± 0.01 cd.s m -2 in Ret-Bbs8-/-) (Fig. 2C). Altogether, our electrophysiology studies show an early
reduction of photoresponse and suggest that BBS8 plays a role in the development and function of
photoreceptors.

Loss of BBS8 leads to progressive photoreceptor cell death
To determine if the progressive decrease in photoresponse with age was a result of photoreceptor cell
death, we stained retinal sections of Ret-Bbs8-/- and wild type littermates with propidium iodide at
various ages (Fig 3). At P10, retinal lamination appeared normal with no changes in the number of
photoreceptor nuclei in comparison to littermate controls, suggesting normal retinal development in the
absence of BBS8 (Fig. 3A and 3B; 13-14 nuclear layers, n=3). At P17, in addition to brightly stained PI
nuclei indicative of cell death (arrows), thinning of the photoreceptor outer nuclear layer (ONL) was
observed in Ret-Bbs8-/- mice compared to wild type controls (Fig. 3A). By four months of age, retina
lacking BBS8 lost the majority of their photoreceptor nuclei (Fig. 3A and 3B; 12-14 nuclei in littermate
vs. 3-4 nuclei, n=3, P = 0.0001). Quantification of photoreceptor nuclei at various regions in the retina
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showed uniform thinning in the retina lacking Bbs8 (Fig. 3B). Our results show that the BBS8 is not
needed for the early commitment of photoreceptor cells, but is required for the survival of
photoreceptors in the mature retina.

Figure 3. Progressive loss of photoreceptors in
the retina lacking BBS8. (A) Retinal sections
from animals stained with propidium iodide (PI)
at indicated age. At P17, brightly stained nuclei
indicative of chromatin condensation and cell
death are observed (Arrows). PI staining from
littermate controls is shown at the left for each
age examined. (B) Quantification of the ONL
thickness (number of cell nuclei) at different
locations within the retina from the inferior to
superior regions between Ret-Bbs8+/+ and RetBbs8-/- animals at P10 and P120; Data are
represented as mean ± SEM (n=3, unpaired twotailed t-test; **P ≤0.01, ***P ≤.001).: Outer
nuclear layer, INL: Inner nuclear layer.

Loss of BBS8 leads to altered levels of BBS partner subunits
BBS8 is part of a core octameric BBSome complex (58, 100) (Supplementary Material, Fig. S1).
Therefore, we were interested in examining if the loss of BBS8 alters the levels of other BBSome
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subunit proteins (Fig. 4). We measured the protein levels of the seven BBS proteins that make up the
core BBSome complex in BBS8-null and wild type littermate animals at P10 and P18 (Fig. 4A and B).
BBS5 and BBS2 were reduced by 67% (P < 0.0001) and 20% (P < 0.05) respectively in the absence of
BBS8 at P10 (Fig. 4A and 4C). In contrast, BBS1 expression increased by 75% in BBS8 null animals
compared to wild type controls at P10 (Fig. 4A and 4C; P < 0.0001). In addition, BBS4, a TPR repeat
protein similar to BBS8, increased by 86% in BBS8 deficient animals compared to littermate controls
(Fig. 4A and 4C; P < 0.0001)(94, 112, 113). We observed no significant changes in BBS7 and BBS9

Figure 4. Alteration of BBSome
proteins in the absence of BBS8.
(A) Immunoblot showing levels of
indicated BBS proteins in retinal
extracts from Bbs8 null animals (-/-)
prior to photoreceptor degeneration
at P10. Littermate controls, both
heterozygous and wild-type are
shown for comparison. GAPDH
serves as a loading control. (B)
Similar to Panel A, immunoblot
showing the levels of indicated BBS
proteins in retinal extracts from P18
animals lacking BBS8. (C)
Quantitation of BBS proteins shown
in panel A (n=3) normalized to
GAPDH levels at P10. *P < 0.05;
*** P < 0.0001 as determined by ttest.

levels. Unfortunately, due to the lack of suitable antibodies to detect BBS18 protein in murine tissues,
we were unable to ascertain if BBS18 levels are affected in the absence of BBS8. The change in BBS
levels in response to the loss of BBS8 was at the post-transcriptional level; we found no significant
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alterations in mRNA levels via RT-qPCR (data not shown). Overall, our results show that absence of
BBS8 leads to changes in cognate subunits that form the BBSome (Supplementary Material, Fig. S1).

Mislocalization of Syntaxin 3 in photoreceptors lacking BBS8
Based on the role of the BBSome in trafficking GPCRs in neurons, one proposed role for this protein
complex in photoreceptors was the anterograde trafficking of rhodopsin, the major GPCR in
photoreceptor neurons (104). To evaluate the role for BBS8 in protein trafficking to the outer segment,
we investigated the localization of rhodopsin in retinal cryosections obtained from retina lacking BBS8
and compared them to their wild-type littermate controls (Fig. 5A and 5B). At P10, prior to signs of
photoreceptor degeneration, the majority of rhodopsin was in the OS in Ret-Bbs8-/- animals, similar to
littermate controls (Fig. 5A). We also performed similar staining at P17, where photoreceptor
degeneration is pervasive (Fig. 5B). Here, we observed mislocalization of rhodopsin in the inner
segments (Fig. 5B). Additionally, we examined localization and expression of other OS-resident
proteins in the absence of BBS8. At P17, the OS structural protein peripherin-2/rds (PRPH2) and the
effector enzyme of the phototransduction cascade, phosphodiesterase-6 (PDE6) were localized to the OS
(Supplementary Material, Fig. S2A). However, in our immunohistochemistry analysis, we noticed
shortened OS in the absence of BBS8. Therefore, we verified the levels of PRPH2 and PDE6 by
immunoblotting. Indeed, we observe a 63% decrease of PRPH2 in Ret-Bbs8-/- compared to littermate
controls (Supplementary Material, Fig. S2B and S2C; P = 0.0008). Similarly, we observed a 47%
reduction PDE6β in Ret-Bbs8-/- at P12 (Supplementary Material, Fig. S2B and S2C; P = 0.0002).
Alternatively, a recent study showed mislocalization of syntaxin 3 (STX3) and other cytoplasmic
proteins in the outer segments of retina lacking BBS17 and in the BBS1 M390R animal model (15).
Since syntaxin is normally present in the inner segments and synaptic termini of photoreceptor neurons
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(Fig.5, Green), this finding suggests a gatekeeper role for the BBSome that prevents cytoplasmic
proteins from entering the outer segment (107). Interestingly, we observed robust accumulation of
syntaxin 3 in the OS in the absence of BBS8 at both ages tested (P10 and P17) (Fig. 5).

Figure 5. Immunolocalization of
rhodopsin and syntaxin 3 in retina
lacking BBS8. (A) Retinal cross-sections
from Ret-Bbs8+/+ littermate control and
from Ret-Bbs8-/- stained against rhodopsin
(Rho-red), syntaxin 3 (STX3-green) and
DAPI (blue) at post natal day 10 (P10) and
(B) P17 . Scale bar: 20µm. ONL: outer
nuclear layer.

Lack of BBS8 causes aberrant rod outer segment ultrastructure
The reduction in photoresponse coupled with a decrease in peripherin-2/rds and OS-resident proteins
levels suggests that OS development and/or elaboration may be impaired in the absence of BBS8. Light
microscopy of toluidine blue-stained semi-thin sections revealed pyknotic nuclei (Supplementary
Material, Fig. S3B, arrow) and shortened inner and outer segments at P18 in Bbs8-null animals. We next
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examined the photoreceptor ultrastructure both at P10 and at P18 by transmission electron microscopy
(TEM). The TEM analysis revealed dysmorphic photoreceptor OS with disoriented discs in animals
lacking BBS8 at all ages tested, in comparison to littermate controls (Fig. 6 and Supplementary Material,
Fig. S3C-F). Interestingly, we frequently observed extracellular vesicles (EVs) at both P10 and P18 (Fig.
6A and Supplementary Material, Fig. S3G). At P10 the median diameter for EV observed was145 nm
(n=142, pooled from 2 animals), in the absence of BBS8 (Fig. 6B). These vesicles were present at the
proximal inner segment at P10 and in greater abundance and broader distribution at P18 (Fig. 6B and
Supplementary Material, Fig. S3G and S3H). These data demonstrate that BBS8 is critical for the

Figure 6: Aberrant photoreceptor
ultrastructure in Bbs8-null mice.
(A) Left panel: TEM images of
photoreceptor OSs in P10 retinas of
wild-type (left panel; scale bar, 500
nm) and Bbs8-null (center panel;
scale bar, 500 nm) mice. In contrast
to the well-ordered disc stack seen in
wild-type controls, knockout animals
possessed shortened and dysmorphic
OSs, with highly disorganized disc
membranes. Retinas from knockout
animals also displayed 100-300 nm
extracellular vesicles (arrowheads),
commonly observed adjacent to the
proximal ISs (right panel; scale bar,
500 nm); extracellular vesicles were
never observed in the wild-type
controls. (B) Distribution of Feret
diameter measurements (nm) of
extracellular vesicles found in Bbs8-/animals at P10 (N = 142 from two
animals).

morphogenesis of the outer segment.
35

Ciliary Defects in retina lacking BBS8
BBS proteins are localized to cilia and are associated with ciliogenesis and ciliary protein trafficking in a
variety of cell types (101). Given this relationship, we decided to examine the structure of the
photoreceptor cilia in retina lacking BBS8. The photoreceptor cilia extending from the basal body can be
separated into two distinct compartments, connecting cilium (transition zone) and axoneme. The
connecting cilium can be labeled with an antibody to X-linked retinitis pigmentosa GTPase regulator
(RPGR) (114, 115). The axoneme is marked by Retinitis Pigmentosa protein 1 (RP1) and Male germ
cell-associated kinase (MAK) (116-118). Acetylated tubulin stains the connecting cilium and proximal
part of the photoreceptor axoneme (118, 119). We used these markers to determine if there are any
changes in photoreceptor cilia size and organization in retina lacking Bbs8 (Fig. 7). In the absence of
BBS8 at P10, we observed an increase in acetylated tubulin labeling (Fig. 7A and Supplementary
material, Fig. S4C; 1.145µm ± 0.02 in wild type, n=288; 2.301µm ± 0.04 in Ret-Bbs8-/-, n=278; P <
0.0001). Marginal, but statistically significant increase of RGPR stained zones was also observed along
the connecting cilium (Fig. 7B and 7C and Supplementary material, Fig. S4D; 0.9428µm ± 0.01, n=336
in littermate controls, 1.011µm ± 0.01, n= 350 in Ret-Bbs8-/-; P < 0.0001). In contrast, we observed
reduced immnunoreactivity for both axonemal markers RP1 and MAK, suggesting reduced axoneme
length. RP1 staining was reduced in Ret-Bbs8-/- animals compared to littermate controls (2.32µm ± 0.05
in wild type, n=215; 1.53 ± 0.04 in Ret-Bbs8-/-, n=190; P < 0.0001) (Fig. 7A and 7C and Supplementary
material, Fig. S4A). Similarly, MAK staining was reduced in retina lacking BBS8 (1.21µm ± 0.02,
n=317 in littermate controls, 0.81µm ± 0.01, n=310 in Ret-Bbs8-/- ; P < 0.0001) (Fig. 7B and 7C and
Supplementary material Fig. S4B). The total protein levels of RP1 and MAK in the retina were not
significantly altered (Supplementary material, Fig. S4E and S4F); however, a trend for increased
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Figure 7: Increased acetylated tubulin stained ciliary zones in the absence of BBS8 at P10. (A)
Immunofluorescence images showing RP1 (Retinitis Pigmentosa-1) and acetylated a-tubulin staining the photoreceptor
axoneme and connecting cilia in Ret-Bbs8 +/+ and Ret-Bbs8-/- animals, respectively. Scale bar: 20 and 10 µm. (B)
Retinal cryosections stained against MAK (male germ cell-associated kinase), Rootletin and RPGR (X-linked retinitis
pigmentosa GTPase regulator) in Ret-Bbs8-/- and littermate controls. Scale bar: 10 µm. (C) Violin plots depicting
overall distribution of length measurements for RP1, acetylated a-tubulin, MAK and RPGR stained zones in Ret-Bbs8/and littermate controls (n=200-300 cilia pooled from 3 animals). All retinal tissues are derived from P10 animals with
littermates used as controls.

acetylated tubulin protein levels was observed by immunoblotting (Supplementary material, Fig. S4E
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and S4F). Overall, these data show altered distribution of ciliary markers in the absence of BBS8, which
likely reflects changes in the organization of the photoreceptor cilia.

BBS8 is crucial for cone photoreceptor viability
We found that the removal of BBS8 in the retina leads to reduction in both rod and cone photoresponses
(Fig. 2). This decrease in cone function could be due to a “by-stander” effect (secondary to the loss of
rod photoreceptor cells), or it may be due to a direct role of BBS8 in cone photoreceptors. Therefore, to
determine if the reduction of cone photoresponse is a cell autonomous effect, we ablated Bbs8 in
developing cone photoreceptors using a mouse line that expresses Cre recombinase under the human

Figure 8: Degeneration of cone photoreceptors
missing BBS8. (A) Representative trace of
photopic ERG responses measured under light
adapted conditions at 0.69 cd.s-1m2 in Cone-Bbs8-/and littermate controls at P30 and P130. (B) Retinal
cryosections stained against G-protein-coupled
Receptor Kinase 1 (GRK1; green) and Peanut
agglutinin (PNA) in Ret-Bbs8-/- and wild type
littermate controls at P130. GRK1 stains both rods
and cones while PNA marks the extracellular
matrix surrounding the cones. Scale bar: 20µm.
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red-green pigment promoter (HRGP-cre) (Supplementary Material, Fig. S5) (120). We evaluated the
specificity of the Cre expression in cone photoreceptors by staining retinal cross-sections from coneBbs8-/- and littermate controls against Cre and the cone marker peanut agglutinin (PNA), which stains
the cone outer sheath. As expected, Cre expression was specifically found in PNA+ cells
(Supplementary Material, Fig. S5B). In this Cre driver line, robust expression of Cre recombinase starts
at P10, and recombination as judged by cre reporter expression, is complete by P30 (120). Therefore, we
performed photopic ERGs to examine cone function at P30 and observed no significant differences in
ERG responses between Cone-Bbs8-/- and their wild type littermate controls (Fig. 8A). Although the
cone ERGs were similar at P30, there is a progressive reduction in cone response with age
(Supplementary Material, Fig. S6A), and by 4 months this response was completely ablated (Fig 8A).
To investigate if loss of cone response is due to the death of cone photoreceptor cells, we performed
immunocytochemistry using various cone markers at P120. GRK1, the kinase expressed in rods and
cones (green) in littermate controls was specifically absent in cones from cone-Bbs8-/- animals (Fig. 8B).
The loss of cones was confirmed by the reduced staining for PNA, cone arrestin, and cone
phosphodiesterase 6 (Supplementary Material, Fig. S7). In addition, we observed uniform reduction in
cone density by flat-mount in various regions of the retina (data not shown). We also performed
scotopic ERGs at this age and saw no significant changes between experimental and wild-type animals,
further corroborating the specificity of the cone-Bbs8 animal model (Supplementary Material, Fig. S6B).
Additionally, similar to our Ret-Bbs8 animal model, we observed mislocalization of syntaxin 3 to cone
OS at P30 (Figure 9B). At this stage, the localization of M-opsin was unaltered and was found in the
cone OS (Figure 9A). Altogether, our results show that BBS8 presence in cone photoreceptors is
essential for their viability (Fig. 8B and Supplementary Material, Fig. S7).
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Figure 9: Mislocalization of Syntaxin 3
in cone photoreceptors lacking BBS8.
(A) Immunolocalization of M-opsin and
peanut agglutinin (PNA) in retinal crosssections of Cone-Bbs8-/- animals
compared to littermate controls at P30.
Scale bar: 20µm. (B) Retinal crosssections showing mislocalized synatxin 3
(white arrows; STX3 in green), costained with peanut agglutinin (PNA,
red), in cones lacking BBS8 (Cone-Bbs8/) compared to wild –type littermate
controls at P30. Scale bar: 10µm.

BBS8 is critical for maintaining cone photoreceptor OS structure
We observed defects in rod OS development in our Ret-Bbs8-/- animals, and immunocytochemistry
hinted at potential defects in cone OS in the Cone-Bbs8-/- animals. Therefore, we examined the structure
of the cone outer segment by TEM in perfusion-fixed Cone-Bbs8-/- animals and wild-type controls at
P30. We chose this age because photopic responses were comparable between Cone-Bbs8-/- and wildtype controls. Ultrastructural analysis revealed less tightly packed, elongated, and mis-oriented OS disc
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Figure 10: Defective cone OS ultrastructure in Cone-Bbs8-/- retinas. (A) Two representative images of
cone OS each from wild-type and Cone-Bbs8-/- animals are shown. The vast majority of cones in knockout
animals possessed abnormal OSs; disc stacks were less dense, of larger diameters, and were misaligned. In
contrast, cones in the wild-type control possessed tightly stacked, properly aligned, and normal diameter
discs. Scale bars: 500nm.

membranes of Cone-Bbs8-/- animals (Fig. 10). In conclusion, despite no significant changes in cone
photoresponse at this age, absence of BBS8 leads to aberrant cone OS morphology.
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DISCUSSION

Mutations in BBS8 cause ciliopathies affecting multiple organs and invariably lead to loss of vision in
early childhood (94). The importance of BBS8 in photoreceptor function is further exemplified by
mutations in BBS8 that lead to non-syndromic retinitis pigmentosa, yet the role for BBS8 in
photoreceptors is not known (108-110). In this study, we sought to investigate the role of BBS8 in the
development and function of photoreceptor cells. Our studies using multiple murine models, including a
complete knockout, retina and cone- specific removal of BBS8 lead to the following novel findings. We
show that BBS8 is required for the development and maintenance of the photoreceptor cilia and outer
segments in both rods and cones. Although mutations in BBS proteins are known to affect rod cells, this
is the first study to demonstrate that BBSome function is also essential for cone photoreceptor structure,
function, and viability. We observed dynamic changes in BBSome subunits that included increased
levels of BBS1 and BBS4 in the absence of BBS8. Our studies indicate that altered photoreceptor OS
development in the absence of BBS8 is likely due to defective ciliary structure indicated by sizable
changes in acetylated tubulin staining zones or as a result of altered ciliary trafficking.

Alterations in cognate BBS subunits
Our study sought to understand the effects of BBS8 on the levels of cognate partner subunits that are
part of the core octameric BBSome complex. The core of the BBSome is formed by BBS2/7/9 proteins,
followed by the addition of BBS1/5/8, and the final incorporation of BBS4 (100). In BBS8 animal
models, the expression of the core BBSome proteins are preserved in the retina with a minor reduction
in BBS2 levels. BBS4, a tetratricopeptide repeat (TPR) protein similar to BBS8, was highly upregulated
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in the absence of BBS8 prior to any significant photoreceptor degeneration (94, 112, 113). Interestingly
BBS1, a protein that interacts with the small GTPase ARL6 (BBS3), an interaction necessary for the
targeting of the BBSome to the membrane, was also up-regulated in the absence of BBS8 (112). Lastly,
BBS5, a protein that is present in the photoreceptor axoneme and is absent in the connecting cilia was
severely down-regulated. BBS5 interacts with arrestin and is hypothesized to alter its light-dependent
translocation (121). Interestingly, previous reports indicate absence of BBS4 leads to impaired lightdependent translocation of transducin and arrestin in photoreceptor neurons (30). In BBS8 knockouts,
we did not find any changes in arrestin or transducin translocation in response to light stimulus (data not
shown). This could be due to the increased expression of BBS4 in BBS8 models, leading to proper
arrestin and transducin translocation, or that arrestin and transducin can be transported by an alternative
mechanism. All changes observed in BBS levels in the absence of BBS8 were post-transcriptional, as
message levels were unaltered (data not shown). It is not clear if the observed phenotype is exclusively
due to loss of BBS8 or the effect of altered BBSome subunits but further experiments are needed to
address the mechanism behind the loss of OS development. One interesting question stemming from
these results is if the changes in BBSome subunits after Bbs8 depletion reflect a dynamic nature of this
protein complex, which may exist in different states depending on subunit availability, presence of
interacting molecules, or external signals.

Normal rhodopsin trafficking in the absence of BBS8.
Studies from multiple murine models lacking individual BBS subunits suggest a role for the BBSome in
rhodopsin trafficking to the outer segments (122, 123). This is in agreement with results from primary
cilia showing the need for the BBSome in GPCR trafficking (102). Alternatively, the BBSome is
thought to be involved in retrograde trafficking of cargo from the OS to the IS and/or a role as a ciliary
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‘gatekeeper’, as evidenced by mislocalization of non-OS proteins in the OS in BBS17 (Lztfl1) mutant
mice (107). In our BBS8 models, we did not observe significant defects in anterograde trafficking of
OS-resident cargoes, including rhodopsin. The vast majority of rhodopsin at P10, prior to photoreceptor
degeneration, was present in the OS, similar to the littermate controls. However, we observed slight
mislocalization at P17, which we believe is likely due to the indirect effect of dysmorphic outer
segments in BBS8 knockouts (Supplementary Material, Fig. S2 and S3). Our studies indicate that BBS8
is not needed for rhodopsin trafficking but we cannot rule out the possibility that rhodopsin is able to
reach the OS through a partially formed BBSome which may be compensating for the lack of BBS8 in
our animal models. Our assays to investigate the formation of the BBSome complex failed because of
the early morphological defects observed and the low levels of BBSome subunits in retina at P10.
Importantly, animal models lacking BBS8 in rods or cones showed mislocalization of syntaxin in the
OS, which agrees with current thinking that the BBSome is either involved in retrograde trafficking of
proteins or acts as a ciliary gate in photoreceptors (107). However, further studies in photoreceptors are
needed to confirm either of these hypotheses.

BBS8 is crucial for OS morphogenesis.
BBS8 animal models generated in this study show the need for BBS8 in the initial elaboration of the
photoreceptor outer segments. The changes in photoreceptor ultrastructure correlated with reduced rod
response in complete and retina-specific knockouts where BBS8 was conditionally removed in the
developing embryonic retina.
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Although mutations in BBS are linked to retinitis pigmentosa, which implies a primary impact on rod
cells, a recent report documented predominant cone dysfunction in BBS patients (124). We investigated
the potential importance of BBS8 for murine cones using a conditional knockout model, which ablates
BBS8 from cones between P8-10. While we did not detect any abnormalities in cone function at P30 (by
ERG), cone outer segments were dysmorphic and showed abnormal ultrastructure, with discs stacked
vertically rather than horizontally. Unlike rod photoreceptors, where significant number of functioning
cells survived at four months in the absence of BBS8, cone degeneration was far more profound, and
function was lost in parallel. The reason for cone degeneration is likely linked to the morphological
changes in cone OS. Overall, the findings from our studies show a critical need for BBS8 in cone
survival and function.

We also observed an accumulation of electron dense extracellular vesicles (EVs), in the extracellular
space adjacent to the photoreceptor inner segments in BBS8 null retina. The accumulation of ectosomes,
a class of extra cellular vesicles that are derived from ciliary plasma membranes, were also observed in
the absence of BBS and IFT proteins in primary cilium in cultured kidney cells and mouse embryonic
fibroblasts (125). Intriguingly, mutation of another ciliopathy protein, IFT88, has also been shown to
generate EVs of similar appearance and distribution (126) . That study documented the presence of
rhodopsin in the EVs, and noted that numerous other mouse models defective for OS assembly also
accumulate EVs. A more recent investigation identified subretinal EVs in the retinal degeneration slow
(rds) null mouse as ectosomes (127). Because that study observed that ectosome shedding was
stimulated by peripherin-2/rds loss, and we detected a major reduction (65%) in peripherin-2/rds levels
in the absence of BBS8 at P10, it is conceivable that peripherin-2/rds loss in the BBS8 knockout
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likewise stimulates EV accumulation. It is also possible that a more general disruption of OS disc
membrane morphogenesis contributed to this phenotype.

Hyper-acetylation of ciliary microtubules in the absence of BBS8
Our ultrastructural analyses in BBS8 knockout animals show connecting cilium that are of comparable
length to the littermate controls (Supplementary Material, Fig. S3). This is in agreement with RPGR
staining, a maker for the connecting cilium (114, 115). However, the acetylated tubulin staining on
photoreceptor cilia was longer in photoreceptors lacking BBS8 (Fig. 7). In photoreceptors, acetylated
tubulin marks connecting cilium and the proximal part of the axoneme (119). RP1 exclusively stains the
entire axoneme (116, 117). In the absence of BBS8, it appears that the increase in acetylated tubulin
staining comes at the loss in axonemal staining by RP1 (Supplementary Material, Fig. S4A and S4C). A
corresponding reduction in MAK, another axonemal marker confirms this finding (118). The observed
changes in MAK or RP1 staining of the axoneme could also be due to altered ciliary trafficking.
Acetylation of tubulin marks long-lived tubulin molecules and recent studies show the importance of
this tubulin post-translational modification in increased mechanical stabilization and protection against
breakage (128, 129). The observed increase in acetylated tubulin staining could be due to the established
interaction between BBS proteins and α-Tubulin N-acetyltransferase-1 (aTAT1), the major a-tubulin
acetyl transferase that acetylates tubulin in the cilium or alterations in the BBSome subunit, BBS18, a
known regulator of tubulin acetylation (101, 130). Interestingly, hyperacetylation of tubulin in the
absence of BBS8 was accompanied by an increase in tubulin glutamylation, a C-terminal posttranslational modification that marks stable microtubules (Supplementary Material, Fig. S8).
Hyperglutamylation is a known cause of photoreceptor neuronal degeneration in pcd (Purkinje cell
degeneration) and in TTLL3 (Tubulin Tyrosine ligase-like) mouse models. In these models, increased
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glutamylation leads to a compensatory decrease in tubulin glycation (131-133). Currently it is unclear
how these changes in photoreceptor cilia relate to defects in outer segment formation and photoreceptor
cell death. Further studies are underway to investigate the mechanism behind the altered tubulin
posttranslational modifications and impaired outer segment formation.
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MATERIALS AND METHODS

Animals, Genotyping and Maintenance
BBS8 knockout mouse line (Ttc8 tm1a(KOMP)Wtsi) was recovered using sperm obtained from KOMP
(https://www.komp.org/geneinfo.php?geneid=85321) (Project id: CSD28015, Knock out first). Along
with LoxP sites flanking exon 4 to 6 of the BBS8 gene, the KOMP targeting construct knocks-in a
cassette containing a splice acceptor with LacZ reporter, polyadenylation signal and neomycin selection
at Bbs8 locus between exons 3 and 4 that terminates the transcript. The LacZ/neomycin cassette is
flanked by FRT sites and can be excised with FLP recombinase to restore the expression of the BBS8
gene. The animals were backcrossed with C57BL/6J (Jackson laboratory) to eliminate the rd8 allele
(134). Heterozygous mice were intercrossed, and the progeny were genotyped using genomic DNA
prepared from ear punches by PCR. The following primers (5’ GGA TCA CAG TCA AGA GTA GAG
TC 3’ and (5’ CAC ACG TGT TTC TCC TTA GAG GC 3’) were used to verify the presence of the
Neomycin gene. (5’ ATC ACG ACG CGC TGT ATC 3’ and 5’ ACA TCG GGC AAA TAA TAT CG
3’) primers were used to assess the presence of the LacZ reporter gene.
To produce the conditional knockouts, we first removed the termination cassette (LacZ/neomycin) by
crossing BBS8 animals heterozygous for KOMP cassette with transgenic mice expressing FLP
recombinase (Jax stock #012930). This cross resulted in a floxed Bbs8 allele (Bbs8 +/fl). The
homozygous floxed animals were subsequently crossed with animals expressing Cre recombinase under
the retina and forebrain specific Six3 promoter and bred to produce Six3-Cre: Bbs8 fl/fl animals (135). A
similar strategy was used to produce cone specific knockouts using Cre recombinase expressed under
human red green pigment (HRGP) promoter (120).Oligonucleotides used in PCR to detect Cre
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recombinase were 5’ CCT GGA AAA TGC TTC TGT CCG 3’ and 5’ CAG GGT GTT ATA AGC AAT
CCC 3’. Primers used to detect floxed alleles were 5’ GGT GAC CAG AAG CAA GCA CAT A 3’ and
5’ GGC TGC TGT CTG GTT GAG TAA T 3’. Institutional Animal Care and Use Committee of the
West Virginia University approved all experimental procedures involving animals conducted in this
study.

Electroretinograpy (ERG)
ERGs were carried out on the UTAS Visual Diagnostic System with Big-Shot Ganzfeld with UBA-4200
amplifier and interface, and EMWIN 9.0.0 software (LKC Technologies, Gaithersburg, MD, USA).
Prior to testing, mice were dark-adapted for 24 hours. Animals were anesthetized [2.0% isoflurane with
2.5 liters per minute (lpm) oxygen flow rate] for 10 minutes and eyes were topically dilated with a 1:1
mixture of tropicamide:phenylephrine hydrochloride. For ERG testing, mice were positioned on a heated
platform with continuous flow of isoflurane through a nose cone [1.5% isoflurane with 2.5 liters per
minute (lpm) oxygen flow rate]. A reference electrode was inserted subcutaneously in the scalp. ERG
responses were recorded from both eyes with silver wire electrodes placed on top of each cornea, with
contact being made with hypromellose solution (2% hypromellose in PBS) (Gonioscopic Prism
Solution, Wilson Ophthalmic, Mustang, OK, USA). Scotopic (Rod-dominant) responses were obtained
in the dark with flashes of LED white light at increasing flash intensities. For photopic response, animals
were light adapted with rod-saturating white background light (30 cd · m–2) for 10 minutes and cone
responses were subsequently recorded.

Antibodies
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The antibodies used in this study are described in Supplementary Table I.

Western Blot
Mice were euthanized by CO2 inhalation followed by cervical dislocation and eyes were enucleated. For
immunoblots, flash-frozen retinae dissected from enucleated eyes were sonicated in phosphate buffered
saline [PBS: 137mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4·7H2O, 1.4 mM KH2PO4, with protease
inhibitor cocktail (Roche)]. Protein concentrations were measured using a NanoDrop spectrophotometer
(Thermo Fisher Scientific, Inc.). Equal amounts of samples (100 μg total protein per well) were
separated in a polyacrylamide SDS–PAGE gel and transferred onto polyvinylidene difluoride (PVDF)
membranes (Immunobilon-FL, Millipore, Billerica). The membranes were then blocked with blocking
buffer (Rockland Inc.) for 30 minutes at room temperature and further incubated with primary
antibodies overnight at 4°C. Following incubation, membranes were washed in PBST (PBS with 0.1%
Tween-20) three times for 5 minutes each at room temperature and incubated in secondary antibody,
goat anti-rabbit Alexa 680 (or 800), rabbit anti-goat Alexa 680 or goat anti-mouse Alexa 680
(Invitrogen) for 45 minutes at room temperature. After washes with PBST, membranes were scanned
using the Odyssey Infrared Imaging System (LI-COR Biosciences, Lincoln, NE, USA).

Immunocytochemistry
For immunofluorescence, enucleated eyes were submerged in 4% paraformaldehyde fixative for 5
minutes prior to removal of the cornea and lens. Eyecups were fixed for an additional hour, then washed
in PBS three times for 5 minutes each, and incubated in 20% sucrose in PBS overnight at 4°C. Eyes
were then incubated in 1:1 mixture of 20% sucrose in PBS:OCT (Cryo Optimal Cutting Temperature
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Compound, Sakura) for 1 hour and flash-frozen in OCT. The cryosectioning was performed using Leica
CM1850 Cryostat, and retinal sections of 16 μm and/or 10 μm (for ciliary staining) thickness were
mounted on Superfrost Plus slides (Fisher Scientific). Retinal sections were mounted on slides, washed
with PBST and incubated for 1 hour in blocking buffer at room temperature (PBS with 5% Goat Sera,
0.5% TritonX-100, 0.05% Sodium Azide). After blocking, retinal sections were incubated with primary
antibodies at the dilutions described in Supplementary Table I at 4°C overnight. Afterwards, retinal
sections were washed two times for 10 minutes with PBST and once for 5 minutes with PBS before
incubation with secondary antibody at a 1:1000 dilution [DAPI nuclear stain 405, anti-Rabbit 488 (or
568), anti-mouse 488 (or 568)] for 1 h. For ciliary staining, enucleated eyes were fixed in 4%
paraformaldehyde in PBS for 30 seconds and flash-frozen in OCT. Sectioning and staining were
performed as stated above. Slides were mounted with ProLong Gold (Life Technologies) and cover
slipped. Confocal imaging was performed at the WVU Microscope Imaging Facility with a Zeiss LSM
510 laser scanning confocal on a LSM Axioimager upright microscope using excitation wavelengths of
405, 488, 543 and 647 nm.

Ultrastructural analysis
Enucleated eyes were fixed (2% paraformaldehyde, 2.5% glutaraldehyde,0.1 M cacodylate buffer, pH
7.5) for 30 min prior to dissection and removal of the cornea and lens, followed by 48 h fixation at room
temperature. Dissection, embedding and transmission electron microscopy was done according to
previously established methods (83, 136, 137). For analyses of cone outer segment morphology, prior to
fixation of enucleated eyes, mice underwent transcardial fixation perfusion with 2% paraformaldehyde,
2.5% glutaraldehyde, 0.1 M cacodylate buffer, pH 7.5.
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Statistics
All data are presented as mean ± standard error margin. ERG data were analyzed by unpaired, two-tailed
t test. For cilia measurements, 80-100 cilia were measured for each animal (n=3) and data were
visualized with the ggplot2 package in R version 3.3.2. Image and densitometry analysis were
performed using ImageJ 1.50i along with the Bio-Formats plugin (NIH).
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Supplementary Material

Supplementary Figure 1. Scheme showing changes in BBS subunits in the absence of BBS8.
Scheme displaying changes in BBS subunit levels in the absence of BBS8 (Red = decrease, Green =
increase, White = no change, Gray = untested).

Supplementary Figure 2. Normal trafficking of OS-resident proteins in the retina lacking BBS8.
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(A) Staining for peripherin-2/rds (PRPH2, green) and phosphodiesterase (PDE6b, cyan), DAPI , 4',6diamidino-2-phenylindole (Blue); marks the nuclei. (B) Representative immunoblot of P12 retinal
lysates from Ret-Bbs8 -/- and littermate controls. (C) Quantification of retinal isolates from Ret-Bbs8 -/and littermate controls (PRPH2 : P = 0.0008, PDE6b : P = 0.0002). Scale bars: 20μm.

Supplementary Figure 3. Morphology of photoreceptors at P18.
(A) Toluidine blue-stained semi-thin retinal sections from Bbs8+/+ showing normally organized retinal
layers. Scale bar: 5 μm. (B) Bbs8-/- retinal section with reduced IS and OS layers and pyknotic nuclei
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(arrow). (C) Organized and developed mature photoreceptor OS in Bbs8+/+. Scale bar: 2 μm. (D) Reduced
rod OS density with disordered and shortened photoreceptor OS in Bbs8-/-. Scale bar: 2 μm. (E) Normally
stacked OS disc membranes and connecting cilia (CC) in Bbs8+/+ (CC average = 1.6µm, N=3). (F)
Dysmorphic OS (asterisk) in Bbs8-/- (CC average = 1.7µm, N=3). (G) Extracellular vesicles (arrows) in
Bbs8-/- retina. Scale bar: 500nm. (H) Gaussian histogram of Feret diameter measurements (nm) of
extracellular vesicles found in Bbs8-/- animals (N = 126 from two animals).
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Supplementary Figure 4. Length measurements of ciliary zones in retina lacking BBS8 at P10. (A-D)
Graphs depicting the calculated mean for the length measurements of Retinitis Pigmentosa-1 (RP1), Male
Germ Cell Associated Kinase (MAK), acetylated tubulin, and retinitis pigmentosa GTPase regulator (RPGR)
in retina lacking BBS8 compared to littermate controls at P10. Error bars represent SEM, P = 0.0001. (E)
Representative immunoblots of P10 retinal protein samples stained against ciliary markers in retina lacking
BBS8 compared to wild-type littermate controls. (F) Quantification of protein levels from Ret-Bbs8-/- and
Ret-Bbs8+/+ retinal isolates (NS = no significance).
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Supplementary Figure 5. Generation of animal model lacking BBS8 exclusively in cone
photoreceptor cells. (A) Schematic representation delineating the creation of cone-specific conditional
BBS8 knockout animals. Mice expressing Cre recombinase under the human red/green pigment
promoter (HRGP) were crossed with Bbs8 floxed animals. (B) Retinal cross-sections of Cone-Bbs8+/+
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and Cone-Bbs8-/- at post natal day 30, stained against Cre recombinase (green), Peanut agglutinin (PNA,
red) as the cone marker, and DAPI (blue, marking the nuclei). Scale bar: 20µm.
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Supplementary Figure 6. Progressive loss of cone photoreceptor function in Cone-Bbs8-/- animals. (A)
Graph illustrating the relative photopic (cone) “b”-wave amplitude measured at the light intensity 0.69 log cd
s/m2 at various ages. (B) Representative scotopic (rod) electroretinograms (ERGs) at -0.8 log cd s/m2,
showing no observable difference in rod photoresponse in Cone-Bbs8-/- animals compared to their wild-type
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littermate controls. *P = 0.0035, **P = 0.002, ***P = 0.0006.
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Supplementary Figure 7. Degeneration of cone photoreceptors in mice lacking BBS8. (A). Retinal crosssections from 4 month old animals stained against cone PDE6a’ (cone Phosphodiesterase-6a’), cone
arrestin, PNA (peanut agglutinin), CNGA1 (Cyclic Nucleotide Gated Channel α 1), and DAPI (blue) in
Cone-Bbs8-/- compared to wild-type littermate controls. Scale bar: 20µm.
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Antibody

Source

Dilution

Rabbit anti-BBS5

Proteintech 14569-1-AP

1:2000

Rabbit anti-BBS2

Proteintech 11188-2-AP

1:1000

Rabbit anti-BBS7

Proteintech 13458-1-AP

1:2000

Rabbit anti-BBS9

Proteintech 14460-1-AP

1:1000

Mouse anti-BBS5

UC Davis,N304B/11

1:2000

Goat anti-BBS1

Santa Cruz,N-20

1:1000

Rabbit anti-BBS4

Santa Cruz sc-67201

1:1000

Goat anti-BBS8

Santa Cruz, P-20

1:1000

Rabbit anti-PDE6b

Pierce Lab

1:2000

Mouse anti-GAPDH

Fitzgerald 10R-G109a

1:10,000

Mouse anti-GRK1

Thermo Fisher MA1-720

1:2000

Mouse anti-CNGA1

UC Davis/NIH NeuroMab
Facility

1:1000

Chicken anti-RP1

gift from Dr. Eric Pierce,
Ocular Genomics Institute,
Harvard University

1:500

Mouse anti-acetylated
tubulin

Santa Cruz 6-11B-1

1:500

Mouse anti-alpha tubulin

Sigma T9026

1:4000

Mouse anti-beta tubulin

Sigma T8328

1:4000

Rabbit anti-Syntaxin3

Proteintech 15556

1:1000

Guinea pig anti-MAK

Wako 012-26441

1:500

Chicken anti-Rootletin

gift from Dr. Tiansen Li,
National Eye Institute

1:500

Rabbit anti-RPGR

gift from Dr. Tiansen Li
(NEI)

1:500

Rabbit anti-RDS-c
(Peripherin)

gift from Dr. Gabriel
Travis, University of
California, Los Angeles,
CA

1:2000
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Mouse anti-1D4
(Rhodopsin)

gift from Dr. Ted Wensel,
Baylor College of Medicine

1:500

Rabbit anti-opsin red/green

AB5405,EMD Millipore,
Billerica, MA, USA

1:2000

Biotinylated Peanut
Agglutinin (PNA)

Vector Laboratories,
Burlingame, Ca

1:1000

Rabbit anti-cone arrestin

AB15282, EMD Millipore,
Billerica, MA,USA

1:2000

4′,6-diamindino-2phenylindole,(DAPI)

Invitrogen

1:1000

Propidium Iodide

EMD Millipore, Billerica,
MA, USA

1:2000

Rabbit anti-Cre

EMD Millipore -69050

1:2000

Supplementary Table 1. List of antibodies used in this study
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Abstract
Mutations in the Joubert syndrome-associated small GTPase, ARL13B, are linked to photoreceptor
impairment and vision loss. To dissect the role of ARL13B in the development, function and
maintenance of ciliated photoreceptors, we generated a pan-retina knockout (Six3-Cre) and a rod
photoreceptor-specific inducible conditional knockout (Pde6g-CreERT2 ) of ARL13B using murine
models. Embryonic deletion of ARL13B led to defects in retinal development with reduced cell
proliferation. In the absence of ARL13B, photoreceptors failed to develop outer segment (OS)
membranous discs and axonemes, resulting in loss of function and rapid degeneration. Additionally, the
majority of photoreceptor basal bodies did not dock properly at the apical edge of the inner segments.
The removal of ARL13B in adult rod photoreceptor cells, after maturation of OS, resulted in loss of
photoresponse, vesiculation in the OS, and progressive photoreceptor cell death. Interestingly, prior to
changes in photoresponse, removal of ARL13B led to mislocalization of rhodopsin, prenylated
phosphodiesterase-6 (PDE6), and intraflagellar transport protein-88 (IFT88). Our findings show that
ARL13B is required at multiple stages of retinogenesis, including early postnatal proliferation of retinal
progenitor cells, development of photoreceptor cilia, and morphogenesis of photoreceptor OS discs.
Lastly, our results establish a need for ARL13B in photoreceptor maintenance and protein trafficking.
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Introduction

ADP ribosylation factor–like GTPase 13B (Arl13b) is a member of the Arf-like Ras superfamily of
small GTPases. Small GTPases serve as molecular “switches” that cycle between GDP-bound “off” and
GTP-bound “on” conformations (75). In their GTP-bound conformation, also known as the active state,
small GTPases elicit a wide variety of cellular responses by binding to different effector protein’s (75,
138). ARL13B is a larger protein among the Arf/Arl family of small GTPases and lacks a highly
conserved glutamine residue that is critical for the proteins intrinsic GTPase activity (90, 139, 140).
Additionally, ARL13B is doubly palmitoylated at the N-terminus region of the protein and it is highly
enriched within the cilium, a microtubule-based organelle protrusion that acts as a signaling hub for the
extracellular environment (10, 78, 141). The aforementioned lipid modification plays a critical role in
ARL13B’s ciliary localization, stability and function (79).

Mutations in the Arl13b gene are linked to Joubert Syndrome, an autosomal recessive ‘ciliopathy’
characterized by hypotonia, ataxia, intellectual disability, obesity and retinal dystrophy (92, 142).
Moreover, removal of Arl13b leads to defective ciliogenesis in the kidney duct of zebrafish models and
in murine renal epithelia (84, 143). In mice, a null allele of Arl13b (hennin mutant) leads to embryonic
lethality, markedly shorter nodal cilia and structural defects in the ciliary axoneme (78). Interestingly,
ARL13B is needed for the formation of the eye, with hennin mutant embryos exhibiting traits of
anophthalmia (78). Previous studies have reported that ARL13B acts as a ciliary length regulator by its
unique ability to induce ciliary membrane protrusions (88, 144). However, the role of ARL13B in
axonemal extension, a process critical for cilia formation, remains unclear.
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In addition to its role in the development of cilia, ARL13B is a guanine-nucleotide exchange factor
(GEF) that activates ARL3, another small GTPase (81, 145). Mutations in the ARL3 gene are linked to
Retinitis Pigmentosa (vision loss) in humans (2). Recent work where either ARL3 is ablated or when a
GTP-locked mutant form of ARL3 is expressed in rod photoreceptors suggests that ARL3 through its
interaction with PRBPd and UNC119 binds prenylated and myristoylated protein cargoes, respectively,
and aid in their trafficking (90, 146). (82, 147). Defects in ARL3 led to mistrafficking of prenylated
PDE6, as well as accumulation of lipidated transducin in the photoreceptor inner segment (IS) (82, 147).
Additionally, these animals suffered from progressive loss of photoreceptor cells (82, 147). The critical
role of ARL3 in transport of lipidated photoreceptor outer segment (POS) proteins points to a likely
important role for its GEF, ARL13B in these processes. Therefore, to better understand the role of
ARL13B in trafficking of lipidated proteins and in photoreceptor development, in this study, we
conditionally ablated ARL13B in the developing retina and selectively removed ARL13B in mature rod
photoreceptor cells.
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Results

ARL13b is present in the photoreceptor outer segments
ARL13B is highly enriched within primary cilia and has been used extensively as a marker in cilia
studies (78, 148). To determine the localization of ARL13B in photoreceptor cells, we performed
immunohistochemistry using different commercially available antibodies (Fig. 1A and data not shown).

Figure legend on next page

We used antibodies against peripherin-2 (PRPH2) and Sodium-Potassium ATPase (ATP1β2) to mark
the photoreceptor outer and inner segment respectively (Fig. 1A, Top and Bottom panels). ARL13B
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Figure 1: Validation of animal model and localization of ARL13B in murine retina
A-B) Immunolocalization of ARL13B in the murine retina. A) (Top panel) Retinal cross sections of P30 wild-type
animals (C57BL/6J) stained against ARL13B (red) and Peripherin-2 (PRPH2), an OS marker, stained in green. (Bottom
panel) Retinal cross sections of P30 wild-type animals (C57BL/6J) stained against ARL13B (red) and Sodium-Potassium
ATPase (ATP1β2), an IS marker, stained in green. Scale bar: 20µm. B) Immunoblot showing sub-cellular localization of
ARL13B in photoreceptors. Rod outer segment (ROS) membrane fractions were isolated as described in materials and
methods. Total fraction represents the retinal lysate that was the starting material for ROS isolation. The proteins found in
specific photoreceptor compartments were used for validation of the isolated ROS including; outer segment proteins
(Rhodopsin, GaT1: Rod transducin-a subunit, PRCD: Progressive Rod-Cone Degeneration Protein), inner segment
proteins (AIPL1: Aryl Hydrocarbon Receptor Interacting Protein Like-1, ATP1b2: Sodium-Potassium ATPase β2
subunit, Cyt C: Cytochrome c and bipolar cell protein, Goa. C-E) Validation of Ret-Arl13b-/- animal models by
immunofluorescence and immunoblot analysis. C) Retinal cross sections probed for ARL13B from Ret-ARL13B-/- (Six3Cre Arl13b-/- ) and wild-type littermate controls at P10. D) Validation of animal model by immunoblotting. Retinal
lysates from Ret-Arl13b-/- (Six3-Cre: Arl13b flx/flx) and their wild type littermate controls at P10 probed against ARL13B
and Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) that served as a loading control (n=3). E) Scheme depicting
the generation of conditional Arl13b animal models. LoxP flanks exon 2 of Arl13b. Following Cre expression from either
Six3 or Pde6g promoter, exon 2 of Arl13b is removed in a tissue and/or cell specific manner.

was concentrated at the proximal end of the photoreceptor outer segments (Fig. 1A). To independently
confirm the presence of ARL13B in the outer segments, we isolated photoreceptor membrane from adult
wild-type retina. To validate our membrane preparation, we probed for the presence of established
markers of inner segment and outer segment proteins (Fig. 1B) (149-151). As expected, photoreceptor
inner segment proteins were absent in the isolated ROS membrane fractions (i.e: AIPL1= Aryl
Hydrocarbon Receptor Interacting Protein Like 1; Cyt C= Cytochrome C; ATP1b2 = Sodium-Potassium
ATPase subunit β2). Similarly, Goα, a protein localized to ON bipolar cells, that are downstream to
photoreceptors, was not present in the membrane fraction (152). Interestingly, we found ARL13B in
both the total and membrane fractions. Additionally, we found enrichment of photoreceptor OS
membrane-resident proteins in the ROS membrane fraction compared to the total fraction (i.e:
Rhodopsin; GaT1 = Transducin-α subunit, PRCD = Progressive Rod-Cone Degeneration Protein)
further validating our membrane preparation. Taken together, our results show ARL13B is
predominantly localized to the photoreceptor outer segments. Furthermore, our results suggest ARL13B
is associated with photoreceptor ROS membranes.
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Generation of Arl13b animal models

To determine the role of ARL13B in the retina, we generated a pan-retina Arl13b knockout using CreloxP recombination technology. Arl13b floxed animals contained loxP sites flanking exon 2 (Fig. 1C)

Figure legend on next page
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Figure 2: Reduced retinal thickness and rapid photoreceptor degeneration in ARL13B null retinas
A) Representative scotopic (-0.8 log cd*s/m2) and photopic (0.7 log cd*s/m2) electroretinograms (ERGs) of
Ret-Arl13b-/- (red) and littermate control (black) at P15. B) Retinal cross sections stained with Propidium
Iodide at P10 and P27. Scale bar: 20µm. C) Quantification of the ONL thickness (cell nuclei) at different sites
along the retina from the inferior to superior regions between Ret-Arl13b-/- and wild-type littermate controls at
P10 and P27. Data are represented as mean ± SEM (n=3, unpaired two-tailed t-test; ***P ≤ 0.0001; **P ≤
0.001; *P ≤0.01). D) Light microscopy of Hematoxylin and Eosin (H&E) stained cross sections of Ret-Arl13b/mutant and wild-type littermate control at P5. Graphs depicting length measurements of the developing outer
nuclear layer (ONL) (Panel E) and inner nuclear layer (INL) (Panel F) from Ret-Arl13b-/- mutants and their
wild-type littermate controls (**P =0.001, *P= 0.01; n=3).

(153). Arl13b floxed animals were crossed with a Cre recombinase driver-line under the retina and
forebrain specific promoter Six3, with excision taking place at embryonic day 9.5 23. We next verified
the validity of our animal model by probing for ARL13B using immunohistochemistry and
immunoblotting (Fig. 1C-D). As expected, ARL13B was absent in Six3-Cre: Arl13b flx/flx (Ret-Arl13b-/-)
animals compared to their littermate controls, Arl13b flx/flx or Six3-Cre: Arl13b flx/+ (Ret-Arl13b+/+) (Fig.
1C-D). In agreement with previous findings, we found that ARL13B exhibits an anomalous SDS-PAGE
mobility, running at ~60kDa, rather than the 48kDa molecular weight predicted by its amino acid
sequence (78, 90). At postnatal day 10, the majority (more than 90%) of ARL13B protein was lost in
Ret-Arl13b-/- mutants (Fig. 1D).

ARL13B is essential for postnatal retinal development
To examine the impact of ARL13B deletion on photoreceptor function, we performed
Electroretinography tests (ERG). ERG measures the electric potential generated by the retinal cells in
response to a light stimulus. The activity by photoreceptors and depolarization of bipolar cells results in
the generation of “a”- and “b”- waves, respectively (154, 155). At P15, after mice open their eyes, in
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Figure 3: Defective retinal development in the absence of ARL13B
A) Retinal cross sections of Ret-Arl13b-/- and wild-type littermate controls stained against the proliferation
marker phospho-histone-H3 (pHH3 in green; marked by arrowheads) at P5. Scale bar: 20µm. B) Quantifications
of phospho-histone H3-positive cells across the retina from Ret-Arl13b null animals and littermate controls at
P5. Data are represented as mean± SEM (n=3, Students t- test; **P = 0.005) (RPC = retinal progenitor cells).
C) Retinal cross sections from Ret-Arl13b-/- and littermate controls stained with proliferation marker Ki-67 at P5
(Red, marked by arrowheads). Scale bar: 20µm, ONL: outer nuclear layer identified by 4′,6-diamidino-2phenylindole (DAPI in blue) staining. D) Retinal cross sections from Ret-Arl13b-/- and littermate controls
stained with apoptotic marker caspase-3 at P5 (Green, marked by arrowheads). Scale bar: 20µm, INL: inner
nuclear layer identified by DAPI staining. ). E) Quantification of Ki-67 positive cells identified in panel C. Data
are represented as mean ± SEM (n =3, unpaired two-tailed t-test; ** P = 0.005). F) Quantification of caspase-3
positive cells identified in panel D. Data are represented as mean ± SEM (n =3, unpaired two-tailed t-test; * P =
0.05).

Ret-Arl13b-/- animals we observed a severe loss of rod (scotopic) and cone (photopic) photoreceptor
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function (Fig. 2A).

The observed loss of photoreceptor function could be due to photoreceptor cell death. Thus, we counted
photoreceptor nuclei at P10 and P27 (Fig. 2B and 2C). At P10, we observed a reduction in photoreceptor
nuclei in retina lacking ARL13B (Fig. 2C; Ret-Arl13b+/+ = 10.6±0.32 vs. Ret-Arl13b-/- = 6.8±0.21 rows
of nuclei, P = 0.0006; n= 3). By P27, we detected rapid photoreceptor degeneration with extensive loss
occurring in the central retina (Fig. 2C; Ret-Arl13b+/+ = 10.9±0.18 vs. Ret-Arl13b-/- = 1.24±0.12 rows of
nuclei, P = 0.0001; n= 3) compared to the peripheral edges of the retina (Fig. 2C; Ret-Arl13b+/+ =
9.9±0.16 vs. Ret-Arl13b-/- = 2.2±0.13 rows of nuclei, P = 0.0001; n= 3). The retinal thickness was also
reduced in the developing retina at P5 (Fig. 2D-F).

Due to the early loss of photoreceptor nuclei in Ret-Arl13b-/- mutants and the role for ARL13B in
proliferation, we further investigated whether the loss of ARL13B would affect retinal proliferation at
early stages of development (Fig. 3) (156). We stained cross sections of Ret-Arl13b-/- and littermate
wild-type controls at P5 for phospho-histone H3 (pHH3), a late G2 to M phase marker that primarily
labels mitotic progenitors and Ki-67, a marker found to primarily label late G1 to M phase proliferating
cells (Fig. 3A and 3C) (157-159). As expected, pHH3 positive cells were detected around the outer
edges of the retina in both Ret-Arl13b-/- and wild-type littermate controls at P5 (Figure 3A) (157).
Interestingly, the number of pHH3 positive cells was decreased by 58% in retina lacking ARL13B (Fig.
3B; Ret-Arl13b+/+ = 39±1.5 vs. Ret-Arl13b-/- = 16.3±3.7, P = 0.005; n= 3). We observed a similar
reduction in proliferation (71.4%) with Ki-67 staining in Ret-Arl13b-/- animals compared to wild-type
littermate controls (Fig. 3E; Ret-Arl13b+/+ = 100±8.9 vs. Ret-Arl13b-/- = 28.3±9.7, P = 0.005; n=3).
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When we tested for apoptosis using activated caspase-3, we also observed reduced staining in the retina
lacking ARL13B (Fig. 3D and 3F; Ret-Arl13b+/+ = 37.3±6.8 vs. Ret-Arl13b-/- = 13.0±3.4, P = 0.03;
n=3). These results indicate that the initial development and function of photoreceptor cells is severely
affected in the absence of ARL13B.

Robust reduction of photoreceptor OS-resident proteins in the absence of ARL13B

Based on previous studies that implicate ARL13B as the GEF for ARL3, and the known role for ARL3
in trafficking of prenylated PDE6, we investigated if loss of ARL13B perturbed the movement of PDE6
into the outer segments (OS) (81, 145). We probed for PDE6 by immunohistochemistry using retinal
cross sections from Ret-Arl13b-/- and their wild-type littermate controls at P10 (Fig. 4A-B). PDE6β was
found properly localized to the OS (Fig. 4A), however at reduced levels in retina lacking ARL13B,
which were later confirmed by immunoblot (73% reduction for PDE6β, P = 0.001, n= 3; Fig. 4D and
4E). The staining for PDE6 was not uniform; in some areas of the retina, PDE6 staining was completely
absent in Ret-Arl13b-/- animals (Fig. 4B). Although the majority of Rhodopsin protein was found
targeted to the OS, we detected mislocalized Rhodopsin in the photoreceptor ONL in Ret-Arl13b-/animals (Fig. 4A-B). Additionally, non-prenylated Peripherin-2 was found properly targeted to the
photoreceptor OS in retina lacking ARL13B at P10 (Fig. 4C). In agreement with our results from
immunohistochemistry, we observed an overall reduction of photoreceptor OS-resident proteins in the
absence of ARL13B at P10 by immunoblotting (Fig. 4D and 4E). Specifically, we found 70% and 60%
reduction of Transducin (GaT1) and Peripherin-2 (PRPH2) respectively in Ret-Arl13b-/- animals at P10
(GaT1, P = 0.03; PRPH2, P = 0.004, n= 3; Fig. 4D and 4E). Lastly, similar to PDE6, we found a trend
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in decreased relative protein levels of the prenylated protein, Rhodopsin Kinase-1 (GRK1), in RetArl13b-/- at P10 (Fig. 4D and 4E). In summary, ARL13B deletion led to a reduction in the majority of
OS-resident proteins.

Figure 4: Reduced expression of OS proteins
in retina lacking ARL13B
A-B) Retinal cross sections from P10 RetArl13b-/- and wild-type littermate controls
stained against Rhodopsin (red),
Phosphodiesterase-6 b subunit (PDE6b: green)
and DAPI (4',6-diamidino-2-phenylindole).
Scale bar: 20µm. C) Retinal cross sections of
Ret-Ar13b-/- and littermate wild-type controls
stained against OS-resident protein Peripherin-2
(PRPH2; green) at P10. Scale bar: 10µm. D)
Immunoblot of P10 retinal lysates from
indicated genotypes, probed for different OSresident proteins (GC-1: Guanylate Cyclase-1,
RHO: Rhodopsin, PDE6b: Phosphodiesterase-6
b subunit, GRK1: G protein-coupled receptor
kinase -1, GaT1: Rod Transducin-a, PRPH2:
Peripherin-2). GAPDH serves as loading
control. E) Quantification of outer segment (OS)
proteins (n=3), normalized against GAPDH.
Data are represented as mean± SEM ***P
=0.001; **P =0.004, *P =0.03 as determined by
students t-test.
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ARL13B is required for photoreceptor outer segment biogenesis

Staining for several OS-resident proteins including Peripherin-2 in retina lacking ARL13B revealed
shorter OS’s suggesting a defect in OS structure (Fig. 4). Therefore, we performed Transmission
Electron Microscopy (TEM) to conduct ultrastructural analyses of the retina from Ret-Arl13b-/- and
littermate controls (Fig. 5). At P10, electron micrographs revealed OS’s, which displayed well-ordered
stacked discs in wild-type littermate controls (Fig. 5A and 5C). In contrast, TEM analysis of P10
ARL13B-null retina revealed a complete absence of recognizable OS’s (Fig. 5B). We observed a few
‘OS rudiments’ in the retina lacking ARL13B, however they were highly vesiculated and lacked the
characteristic stacked discs (Fig. 5D-F). Interestingly, we observed the presence of extracellular vesicles
(ectosomes) with uniform diameter in the sub-retinal space of Ret-Arl13B-/- mutants at P10 (202 ± 54
nm; mean ± SD; Fig. 5G and 5H red arrowheads). These results illustrate a crucial role for ARL13B in
the elaboration of photoreceptor outer segments and stacked disc membranes.
Figure 5: ARL13B is needed for normal development of photoreceptor outer segments
A) TEM image of the photoreceptor outer segment-Retinal pigment epithelium (OS-RPE) interface,
from a wild-type littermate control, showing properly developing OSs, possessing numerous wellordered membranous discs. Scale bar: 500nm. B) TEM image of the photoreceptor OS-RPE interface,
from a P10 Ret-Arl13b-/-animal, showing IS-OS boundary for photoreceptors to be significantly affected
compared to littermate controls. Scale bar: 500nm. C) (Left Panel) Wild-type littermate control, showing
normal photoreceptor CC and OSs, compared to a TEM image from a Ret-Arl13b-/- (D-F) retina,
displaying a vesicle-filled OS rudiment. Scale bars: 500nm. (BB= basal body, OLM=outer limiting
membrane, IS-inner segment, CC = connecting cilium, OS = outer segment). G) Electron micrograph of
P10 Ret-Arl13b-/- cross-sections, red arrowheads showing the accumulation of extracellular vesicles in
the sub-retinal space. Scale bar: 500nm. H) Gaussian histogram of Feret diameters for extracellular
vesicles in Ret-Arl13b-/- retinas (n = 204 pooled from three animals).
Figure on next page
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Basal body positioning and ciliary extension are disrupted in ARL13B-null retina
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Loss of ARL13B leads to reduced numbers of primary cilia and dysregulation of ciliary length (i.e.
shorter cilia) (78, 88). To evaluate the effects of ARL13B deletion on photoreceptor cilia, we performed
immunohistochemistry in lightly fixed retinal cross sections using various ciliary markers at P10, a
common approach used to characterize photoreceptor cilia length (32, 160)(Fig. 6). At P10, Rootletin

Figure legend on next page
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Figure 6: Severe ciliary defects in retina lacking ARL13B
A) Retinal cross sections of Ret-Arl13b-/- and wild-type littermate controls stained against axonemal marker
MAK (cyan; male germ cell-associated kinase) and inner segment (IS) marker Rootletin (green). B)
Immunofluorescence images of Ret-Arl13b-/- and littermate controls showing staining against additional
axonemal marker Retinitis Pigmontosa-1 (RP1; green) and connecting cilium marker acetylated tubulin (red).
Scale bars: 10µm. C) (Left panel) TEM images of wild-type littermate controls showing properly docked
mother and daughter centrioles (basal body) (cyan arrows). (Right panel) Electron micrographs of P10 RetArl13b-/- mutants showing displaced solitary basal bodies (yellow arrows). Scale bars: 1µm. (OS: outer
segment, ONL: outer nuclear layer). D) Representative immunofluorescence staining of Centrin (green) in RetArl13b+/+ and Ret-Arl13B-/-, the latter showing signs of displaced basal bodies (white arrowheads). Scale bar:
10µm. Graphs depicting the percent of normal mother and daughter centrioles also known as basal bodies
versus the observation of just one solitary centriole in retina lacking ARL13B at P10 (Ret-Arl13b+/+ = 59
(Solitary centriole) /121 Total versus Ret-Arl13b-/-= 167 (Solitary centriole)/ 237 Total; n=3, unpaired twotailed t-test, P = 0.0002). E) Graphs depicting the percent of docked basal bodies versus displaced basal bodies
in retina lacking ARL13B at P10 (Ret-Arl13b+/+ = 14 (Displaced BBs)/121 Total versus Ret-Arl13b-/-= 111
(Displaced BBs)/ 237 Total; n=3, unpaired two-tailed t-test, P = 0.0002).

staining (Fig. 6A left panel; Rootletin in green) revealed shorter ciliary rootlets in Ret-Arl13b-/- animals
compared to littermate controls, suggesting shorter photoreceptor inner segments, which was confirmed
through ultrastructural analysis. The axonemal marker, Male germ cell-associated kinase (MAK) was
expressed in a punctate fashion and was mislocalized to the inner segment in Ret-Arl13b-/- retinas (Fig.
6A; MAK in cyan). To independently verify these defects in the axoneme, we assessed the localization
of Retinitis Pigmentosa-1 (RP1), a microtubule-associated protein (MAP) primarily found in the
photoreceptor axoneme (161). We also co-stained with acetylated tubulin, a hallmark of long-lived
microtubules primarily found along the photoreceptor connecting cilia/transition zone and the base of
the photoreceptor axoneme (Fig. 6B) (160, 162, 163). As expected, RP1 was present in photoreceptor
axonemes in wild-type littermate controls. However, in photoreceptors lacking ARL13B, RP1 was
found in a punctate pattern and was mislocalized to the IS. Interestingly, acetylated tubulin was
mislocalized to the outer nuclear layer of Ret-Arl13b-/- animals (ONL; Fig. 6B yellow arrowheads).
Ultrastructural analysis (at P10) revealed that basal bodies in the knockout retina were displaced and
often found within the ISs adjacent to the outer limiting membrane (Fig. 6C and Fig. 6E, Ret-Arl13b+/+ =
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12% vs. Ret-Arl13b-/- = 47% Displaced BBs; n=3, P = 0.0002). To corroborate the observed defects in
basal body positioning, we probed for Centrin in
Ret-Arl13b-/- and littermate controls (Fig. 6D). Centrin is commonly used basal body marker in
photoreceptors, where it associates with centrioles and to a lesser extent the inner face of the
microtubule doublets of the connecting cilium (Wolfrum et al., 2002). We observed centrin staining
adjacent to the top layer of photoreceptor nuclei as well as closer to the basal side of the inner segment
in retina lacking ARL13B (Fig. 6D, white arrowheads). Altogether, our results suggest ARL13B plays a
role in axonemal/ciliary extension, potentially by an effect on photoreceptor basal body positioning.

ARL13B is essential for rod photoreceptor maintenance

Our studies using embryonic deletion of ARL13B in the murine retina establish the essential need for
ARL13B in early development of photoreceptor cilia and outer segment morphogenesis in mice.
However, rapid photoreceptor degeneration, disrupted OS elaboration, and the fact that ARL13B was
ablated in other retinal cell types prevented us from establishing a direct role for ARL13B in
photoreceptors. In addition, we wanted to investigate if ARL13B’s function is restricted to the early
phase of photoreceptor development, or if it also plays a critical role in the maintenance of fully
developed photoreceptors. In order to tackle some of these questions, we depleted ARL13B in mature
adult murine rod photoreceptor neurons through the use of a tamoxifen-inducible Cre-LoxP system. The
Cre-recombinase (CreERT2) is expressed under the rod-specific phosphodiesterase-6 gamma subunit
(Pde6g) promoter (164).We crossed this line with Arl13b floxed animals to generate a rod-specific

85

Figure 7: Progressive decline of rod photoreceptor
function
after removal of ARL13B in mature rod
ERT2
flx/flx
inducible animal
model
). ARL13B
deletion
in rod photoreceptors
wasin weeks
photoreceptors.
A) Loss
of (Pde6g-Cre
rod photoreceptor- Arl13b
response measured
by “a”
wave response
plotted against time
after tamoxifen injections (Tam+ = tamoxifen injected). Data are represented as mean± SEM (n=6, two-way ANOVA;
induced
by intraperitoneal
(IP) injections
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body weight
for flx/flx
3 )
ERT2
***
P= 0.005).
B) Immunohistochemistry
of retinal
cross sections
of Rod-Arl13b-/-of(Tam+
Pde6g-Cre
-Arl13b
flx/flx
and wild-type littermate controls (Tam+ Arl13b ) showing significant loss of ARL13B at 2 weeks post tamoxifen
consecutive days (1 injection/day) at P60. We performed functional tests (ERG’s) 2 weeks post
injections. Peripherin-2 (PRPH2; green) marks the OS. Scale bars: 20µm. C) (Top) Representative immunoblot of RodArl13b-/- (Tam+ Pde6g-CreERT2-Arl13bflx/flx) and wild-type littermate control retinal lysates (Tam+ Arl13bflx/flx) of animals
injections
and observed no
significant
differences
rod photoresponse
between
Tamoxifen
2 weeks
after(PI)
tamoxifen-induced
ARL13B
deletion
probed forinARL13B.
GAPDH serves
as loading
control.injected
C) (Bottom)
Quantification of ARL3B protein (n=3), normalized against GAPDH. Data are represented as mean± SEM ***P
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Pde6g-CreERT2-Arl13bflx/flx mutants (Tam+ Rod-Arl13b-/-) and their wild-type littermate controls,
including experimental animals to which tamoxifen was not administered (i.e. Tam- Pde6g-CreERT2Arl13bflx/flx ; Fig. 7A). However, a reduction in scotopic (rod) photoresponse occurred at 3 weeks
leading to complete ablation of photoresponse after 5 weeks PI. (Fig. 7A). The photopic photoresponses
were also severely affected 5 weeks PI (data not shown). To eliminate the possibility that tamoxifen
could lead to photoreceptor toxicity, thus affecting ERG responses, we administered tamoxifen in wildtype littermate controls and observed no changes in rod photoresponse up to 5 and 9 weeks post IP
injection (Fig. 7A). We confirmed significant reduction of ARL13B in Rod-Arl13b-/- animals (Tam+
Pde6g-CreERT2-Arl13bflx/flx) by immunohistochemical analysis on retinal cross sections obtained 2 weeks
after tamoxifen injections and by immunoblotting (Fig. 7B and Fig. 7C; 90% reduction for ARL13B, P
= 0.0003, n=3). Our results show that absence of ARL13B in adult rods leads to rapid decline in
photoreceptor viability and function.

ARL13B is required for trafficking of Rhodopsin

Due to ARL13B’s role as a GEF for ARL3, we speculated that prenylated cargo would be mislocalized
after removal of ARL13B. At two weeks post-tamoxifen injections, when rod photoresponse was
unaltered (Fig. 7A), Tam+ Rod-Arl13b-/- retinal cross sections stained against PDE6β revealed small
puncta in the photoreceptor IS (Fig. 8A arrowheads). This finding is reminiscent of PDE6β
accumulation in ARL3 dominant-active transgenic animal models (Wright et al., 2016). However, this
defect was specific for PDE6, as we observed normal OS localization of prenylated Rhodopsin kinase
(GRK1) (data not shown). Interestingly, at two weeks post-tamoxifen injections, Rhodopsin was
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mislocalized to the IS and ONL (Fig. 8A). However, we observed no mislocalization of rod Transducin
or CNGA1 (data not shown). Furthermore, ultrastructural analysis of Tam+ Rod-Arl13b-/- two weeks
after tamoxifen-induced deletion of ARL13B, showed accumulation of vesicles within the photoreceptor
outer segments (Fig. 8B, red arrows), reminiscent of what was seen in Ret-Arl13B-/- photoreceptors.
More strikingly, 5 weeks after tamoxifen-induced deletion of ARL13B, the majority of photoreceptors

Figure 8: Rhodopsin is mislocalized after
deletion of ARL13B in mature rod
photoreceptors.
A) Retinal cross sections of Rod-Arl13b-/and wild-type littermate controls 2 weeks
post-tamoxifen injection stained with
antibodies against Rhodopsin (red) and
Phosphodiesterase-6 (PDE6β, green).
Punctate pattern of mislocalized PDE6b is
indicated by white arrowheads. B) (Left
panel) Electron micrographs of Rod-Arl13b/and wild-type littermate controls two
weeks after tamoxifen injections showing
normal elaborated OS (Left panel) and the
initial stages of vesicle formation within OS
(Right panel, red arrows) after ARL13B
deletion. Scale bar: 1µm. C) TEM images of
wild-type littermate controls (Left panel)
and Rod-Arl13b-/- (Right panel) showing
severe photoreceptor degeneration five
weeks after tamoxifen-induced ARL13B
ablation. Scale bar: 5µm.
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cells were lost (Fig. 8C). Taken together, our data shows ARL13B is needed for the maintenance of
normal trafficking of OS proteins in adult rod photoreceptor cells.

ARL13B is needed for the maintenance of rod photoreceptor axoneme and IFT88 transport

To further investigate the role of ARL13B in photoreceptor axonemal structure, we performed
immunofluorescence imaging of lightly fixed retinal cross sections of Tam+ Rod-Arl13b-/- animals at
two weeks post-tamoxifen injections and their wild-type littermate controls. We observed no significant
changes in the immunostaining for both tubulin glutamylation (1.24 µm ± 0.02, n = 300 in littermate
controls; 1.31 µm ± 0.01, n = 311 in Rod-Arl13b-/- ; P = 0.004) and acetylation (1.54 µm ± 0.02, n = 309
in littermate controls; 1.66 µm ± 0.02, n = 358 in Rod-Arl13b-/- ; P = 0.0002) after two weeks post
tamoxifen injections (Fig. 9A-B). Interestingly, length measurements taken for immunostaining of RP1
protein, a microtubule-associated protein known to stain the photoreceptor axoneme, showed a
significant length reduction in Tam+ Rod-Arl13b-/- mutants after two weeks post-tamoxifen injections
(Fig. 9A; 3.38µm ± 0.05, n = 322 in littermate controls; 1.9µm ± 0.03, n = 320 in Rod-Arl13b-/- ; P =
0.0001). To further corroborate our findings, immunohistochemical analysis of MAK, a kinase
normally found enriched in the photoreceptor axoneme, revealed significantly reduced immunostaining
after two weeks post-tamoxifen injections in Tam+ Rod-Arl13b-/- retina (Fig. 9C; 2.80 µm ± 0.05, n =
305 in littermate controls; 1.62 µm ± 0.03, n = 313 in Rod-Arl13b-/-; P = 0.0001) (160).
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In primary cilia, the bidirectional transport of proteins is mediated by the intraflagellar transport
complex (IFT). Previous reports show accumulation of IFT-A and IFT-B proteins, specifically IFT88
and IFT40 subunits at the ciliary tip in ARL13B-null RPE cell lines (165). To establish whether the IFT
complex is affected in photoreceptors lacking ARL13B, we performed immunohistochemical analysis of
retinal cross sections of Tam+ Rod-Arl13b-/- animals two weeks post-tamoxifen injections and their wild
type littermate controls (Fig. 9B). In wild-type photoreceptors, IFT88 labeled both the proximal inner
segment and distal outer segment ends of the photoreceptor connecting cilia (Fig. 9B white arrowheads)
(48). Interestingly, similar to the phenotype observed in RPE cell lines, IFT88 accumulated in the distal
segment of the photoreceptor connecting cilia with loss of immnunoreactivity at the proximal segment
of the photoreceptor connecting cilia (Fig. 9B white arrows). In addition, we observed mislocalization of
IFT88 to the inner segment two weeks after ARL13B ablation (Fig. 9B). These results suggest that
retrograde trafficking of IFT88-dependent cargoes could be affected in the absence of ARL13B. Overall,
our results show ARL13B is needed for the maintenance of photoreceptor axonemes in the adult retina.
Figure 9: Altered axonemal length after elimination of ARL13B.
A) (Left panel) Immunofluorescence staining of cross sections from Rod-Arl13b-/- and wild-type littermate
controls with axonemal marker Retinitis Pigmentosa-1 (RP1; green) two weeks post-tamoxifen injections.
(Acetylated tubulin = connecting cilium marker, red). Scale bars: 10µm. (Right panel) Violin plots
representing overall distribution of length measurements for RP1 and acetylated tubulin (n= 300 cilia pooled
from 3 animals). B) (Left panel) Immunohistochemistry of cross sections from Rod-Arl13b-/- and wild-type
littermate controls depicting intraflagellar transport protein IFT88 and connecting cilia marker glutamylated
tubulin at two weeks post-tamoxifen injections. Scale bars: 10µm. Top red box = Representative
immunofluorescence staining of IFT88 in wild-type retinal sections observed as two puncta at the basal and
apical sides of the connecting cilium zone (arrowheads). In contrast with bottom red box = Representative
immunofluorescence staining of IFT88 in Rod-Arl13b-/- animals two weeks post-tamoxifen injections,
observed as single puncta in the apical side of the connecting cilium zone. Scale bars: 2µm. B) (Right panel)
Violin plots representing overall distribution of length measurements for glutamylated tubulin (n= 300 pooled
from 3 animals). C) (Left panel) Retinal cross sections from Rod-Arl13b-/- (Tamoxifen injected PDE6gCreERT2-Arl13bflx/flx animals) and wild-type littermate controls stained with antibody against axonemal marker
MAK (cyan; male germ cell-associated kinase) and inner segment (IS) marker Rootletin (green). Scale bar:
10µm. (OS: outer segment, CC: connecting cilia, IS: inner segment). (Right panel) Violin plots representing
overall distribution of length measurements for MAK (n= 300 cilia pooled from 3 animals).
Figure on next page
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Discussion

In this study, we sought to better understand the role of ARL13B in photoreceptor cells. Intriguingly,
global ablation of ARL13B in mice leads to embryonic lethality and anophthalmia (78). Furthermore, a
Joubert Syndrome (JS) patient with a loss of function missense mutation of ARL13B (Y86C) displayed
the classical JS symptoms as well as retinal impairment and vision loss (92). To explore the role of
ARL13B in photoreceptor neurons, we generated pan-retina and rod-specific inducible-knockout murine
models. Embryonic deletion of ARL13B led to proliferation defects in the developing retina. Ablation of
ARL13B also resulted in defective morphogenesis of outer segment discs and rapid photoreceptor loss.
In support of these findings, photoresponses were absent at any age tested in this animal model.
Additionally, pan-retina ARL13B knockouts displayed higher ratios of displaced basal bodies compared
to wild-type littermates. The deletion of ARL13B in adult rod photoreceptors resulted in abrogation of
photoreceptor function and severe retinal degeneration. We observed impaired transport of Rhodopsin
and prenylated PDE6β, as well as the accumulation of intraflagellar transport complex protein-88
(IFT88). Overall, our models show the need for ARL13B throughout the development and maintenance
of photoreceptor cells. During the preparation of this manuscript, a similar study was performed on
ARL13B in murine photoreceptors (166). Our investigation was able to reproduce the main findings of
the alternate study as well as introduce novel findings on the role of ARL13B in ciliated photoreceptor
neurons. Figure 10 contains an overall schematic summary of the most important results observed in
ARL13B-null retina at different stages.
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Figure 10: Summary of role for ARL13B in the retina
A) Scheme illustrating the need for ARL13B at different time points throughout murine
retinal development: A complete knockout (hennin mutants) exhibited Anophthlamia;
Embryonic deletion of ARL13B in the retina resulted in decreased photoreceptor
proliferation, basal body mislocalization, aberrant or no OS disc formation accompanied
by vesiculation, and impaired cilium growth; In fully developed rod photoreceptor cells
(P60), 2 weeks after ARL13B-induced ablation, growth of the axoneme was impaired,
IFT88 stalled, PDE6 and Rhodopsin mislocalized to the IS. B) Scheme illustrating the
potential roles for ARL13B in photoreceptor neurons. 1) Proliferation signaling and/or
detection, 2) Basal body polarization, 3) Repression of extracellular vesicles during OS
disc formation, and 4) Regulator of protein trafficking in ciliated photoreceptors.

The embryonic removal of ARL13B did not affect retinal lamination. However, we detected reduced
proliferation of retinal progenitor cells (RPCs), using two independent markers (Fig. 3) resulting in
reduced retinal thickness and photoreceptor nuclei layers at P5 (Fig. 2). The study from HankeGogokhia and co-authors did not report any changes in murine retinal development in the absence of
ARL13B. At present, the reason behind the differences in our findings is not clear. Additionally, we also
observed reduction in natural retinal apoptosis at P5. We attribute reduction in apoptosis due to the
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lower number of proliferating cells present in ARL13B-null retina. These findings suggest that the
defect in the absence of ARL13B is in proliferation of precursors, not in a stimulation of their death. Of
note our results are supported by studies that showed slower proliferation rates in hennin mutant
embryos and immortalized mouse embryonic fibroblast (HNN) cell lines, respectively (167). Several
lines of evidence have demonstrated that Sonic Hedgehog pathway (SHH) is an extrinsic regulator of
progenitor cell proliferation and differentiation in the neural retina (168-170). At present, the mechanism
behind reduced cell proliferation in the absence of ARL13B is not understood. However, previous
reports have found that absence of ARL13B and subsequent dysregulated SHH signaling leads to defects
in neural tube patterning of ARL13B mutant embryos (86, 88, 171). It is therefore possible that the
defects in proliferation we observed in Ret-Arl13b-/- mutants could be in part due to dysregulated SHH
detection by the RPCs that are still undergoing division during early postnatal development. Conversely,
abnormal cell proliferation was not observed in the neural tube of Arl13bhennin mutants during
embryogenesis (78). One possible explanation for the difference is the type of assay employed in each
study used to determine proliferation. Additionally, it is possible that the proliferation defects detected in
the absence of ARL13B are likely dependent on the tissue, time of development, and the organism
studied. It is worth emphasizing the phenotypic variance of ARL13B deletion observed across tissues
and organisms. For instance, ARL13B deletion in the retina of zebrafish models leads to a slower
photoreceptor degeneration phenotype compared to the rapid cell death observed in murine models
(172). Taken together, our results show ARL13B to be an essential player in murine retinal
development.

In photoreceptors, the initial ciliary compartment begins at the connecting cilia with the ciliary axoneme
extending into the OS (104). Cilia development (ciliogenesis) is similar between primary cilia and
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photoreceptors in that both start with the mother and daughter centriole (basal bodies) adhering to what
is termed a ‘ciliary vesicle’ that docks to the apical plasma membrane, thus allowing microtubule
extension (axonemal extension) to commence (32, 104). In the absence of ARL13B we observed a
higher incidence of basal bodies that failed to dock to the apical side of the photoreceptor inner segment
in the developing retina (Fig. 6A-E). Interestingly, we also observed a higher proportion of either the
daughter centriole missing (‘solitary’ basal bodies) across all mutant animals tested in comparison to
littermate controls (data not shown). However, we cannot discount the possibility that the this finding
could be due to the plane of acquisition when performing TEM. It is likely that the aberrations in basal
body positioning observed in photoreceptors lacking ARL13B is a contributing factor to the impaired
ciliogenesis (or outer segment development) observed in ARL13B-null photoreceptors (Fig. 5).

The mechanisms behind photoreceptor outer segment morphogenesis remain one of the most perplexing
topics in photoreceptor biology. ARL13B-null retina displayed little to no OS development; connecting
cilia produced only OS rudiments that contained membrane vesicles but no membranous discs (Fig. 5).
We attribute the loss of ERG responses to the absence of the membranous discs that host the
phototransduction cascade machinery necessary for visual transduction (Fig. 2). Previous reports have
found that ARL13B associates with membranes via palmitoyl lipid anchors in primary cilia and our data
shows enrichment of ARL13B in rod outer segment membranes (Fig. 1) (79, 141). Interestingly,
ARL13B contains a “VxPx” motif in its C-termini (86). This motif is also present in various OS-resident
proteins including Rhodopsin and Peripherin-2 and it is thought to be essential for their targeting to the
OS (104, 173, 174). Additionally, ARL13B has been shown to be required for elongation of primary
cilia through aiding in ciliary membrane protrusion by an unknown mechanism (144). These findings
suggest that ARL13B could play an important structural/morphological role in generation of the OS by
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its association with photoreceptor membranes (Fig. 1). In the absence of ARL13B we observed abundant
formation of extracellular vesicles (ectosomes), similar to those observed in Peripherin-2 and BBS8-null
retina (Fig. 5)(175, 176). It is thought that the ectosome-suppressing pathway promoted by Peripherin-2
permits the formation of photoreceptor OS discs (175, 177). It is possible that ARL13B, along with
other key players (i.e. Peripherin-2, BBSome proteins), act synergistically in photoreceptor OS
development by suppressing the ‘ectosome-release’ pathway and aiding in ciliary membrane protrusion.
Current studies are focused on further characterizing the involvement of ARL13B in OS morphogenesis
and determining the subcellular localization of ARL13B within the photoreceptor OS.

Embryonic deletion of ARL13B resulted in proliferation defects, aberrant photoreceptor ciliogenesis,
and disrupted OS morphogenesis. Previous reports studied the role of ARL13B in the adult retina, more
specifically in photoreceptor maintenance via tamoxifen-induced deletion of ARL13B throughout all
cell-types with the use CreER-driver line under the control of ubiquitous promoter (Hanke-Gogokhia et
al., 2017). To eliminate any confounding effects from global deletion of ARL13B in adult mice we
ablated ARL13B, specifically, in mature rod photoreceptors by Cre(ERT2)-driven by rod Pde6g promoter.
Remarkably, removal of ARL13B in adult rods led to abolished photoreceptor function five weeks after
ARL13B ablation (Fig. 7). Additionally, two weeks after ARL13B deletion, when rod photoresponse is
comparable between ARL13B-null rods and wild type littermate controls, we observed vesicles
accumulating within the photoreceptor OS (Fig. 8B). Moreover, two weeks after removal of ARL13B
we observed mislocalization of Rhodopsin to the photoreceptor IS and ONL, as well as accumulation of
intraflagellar transport protein-88 (IFT88) to the apical tip of the connecting cilia (Fig. 8A and Fig. 9B).
The bidirectional transport of protein cargoes along the ciliary axoneme is mediated by the intraflagellar
transport complex (IFT), which is composed of two multi-protein sub-complexes, IFT-A and IFT-B
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(178, 179). The IFT complex also aids in the elongation of the ciliary axoneme by concentrating tubulin
to the ciliary tip (180). ARL13B directly interacts with members of the IFT-B sub-complex, which
mediates the anterograde transport of proteins from the base to the ciliary tip (165, 181). Our findings
suggest possible alterations of ciliary protein trafficking (i.e. Rhodopsin) and/or impaired retrograde
transport in ARL13B-null photoreceptors. It is possible the axonemal defects (i.e. shortening) we
observed 2 weeks after rod-specific tamoxifen-induced deletion of ARL13B is a result of the
mislocalization of IFT88 (Fig. 9). Mice carrying a mutation in the IFT88 subunit (Tg737/Ift88) have
been reported to develop vesiculated photoreceptor outer segments, extracellular vesicle formation
(ectosomes) and Rhodopsin mislocalization (48). The phenotypes observed in ARL13B-depleted adult
rod photoreceptors resemble the reported phenotypes of Tg737/Ift88 animals. Nevertheless, we cannot
solely attribute the abnormalities observed in our ARL13B animal models to defects in the IFT complex.
Previous reports show ARL13B aids as the GEF for ARL3 (81). Active ARL3 is needed for the release
of PDE6d-bound prenylated cargo proteins including PDE6 to the photoreceptor OS (147). It is likely
that the defects observed in ARL13B-deficient retinas, such as PDE6 mislocalization, are a result of
mis-regulation of ARL3 activity (Fig. 8A). It is important to note that localization of OS-resident
proteins such as GRK1, CNGA1 or Transducin was unaffected (data not shown). The primary defect in
the ARL13B-null retina was the impaired OS development. Interestingly, we also observed areas of
selective loss of PDE6 in the retina where the majority of opsin was localized to the OS (Fig. 4B). These
findings lend support to the idea that GEF activity of ARL13B is needed for trafficking and/or
biosynthesis of prenylated PDE6 (Hanke-Gogokhia et al., 2017). In conclusion, our study documents
the essential role for ARL13B in early photoreceptor development, function and maintenance.
Therefore, identification of the phenotypical events that ARL13B and its multiple protein interactors
participate in photoreceptor neurons is a subject that will be addressed in future studies.
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Materials and Methods

Mice, genotyping and animal husbandry
Arl13b flx/flx line that contain LoxP sites flanking exon 2 were backcrossed with C57BL/6J (Jackson
laboratory, Stock No. 000664) for five generations. Arl13b flx/flx animals were then crossed with Six3-cre
or Pde6g-CreERT2 to generate retina-specific (Six3-Cre) and rod-specific conditional ablation of Arl13b
(135, 153). All experiments used littermates as controls. For inducible deletion of Arl13b in rod
photoreceptors using the Pde6g-CreERT2 line, tamoxifen (Sigma-Aldrich #T5648-1G) was injected
intraperitoneally (IP) at concentrations of 100 μg/g body weight for 3 consecutive days (1 injection/day)
as previously described (164). PCR primers used to detect floxed alleles were 5’- CGA CCA TCA CAA
GTG TCA CC-3’ and 5’-AGG ACG GTT GAG AAC CAC TG-3’. Oligonucleotides used in PCR to
detect Cre recombinase were 5’ CCT GGA AAA TGC TTC TGT CCG 3’ and 5’ CAG GGT GTT ATA
AGC AAT CCC 3’. Oligonucleotides used in PCR to verify the presence of Pde6g-CreERT2 driver line
were 5’- GGT CAG ATT CCA GTG TGT GG - 3’ and 5’- GTT TAG CTG GCC CAA ATG TTG - 3’.
All animals used in this study are free of rd1 and rd8 alleles (134, 182).
The animals were maintained under 12-h light / 12-h dark light cycles with food and water provided ad
libitum. All experimental procedures involving animals in this study were approved by the Institutional
Animal Care and Use Committee of West Virginia University.

Electroretinography (ERG)
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Electroretinograms were performed on the UTAS Visual Diagnostic System with Big-Shot Ganzfeld
using a UBA-4200 amplifier and interface, and EMWIN 9.0.0 software (LKC Technologies,
Gaithersburg, MD, USA). Prior to ERG testing, mice were dark-adapted for 24 hours. Mice were
anesthetized [2.0% isoflurane with 2.5 liters per minute (lpm) oxygen flow rate] for 10 minutes and eyes
were topically dilated with a 1:1 mixture of tropicamide:phenylephrine hydrochloride. For ERG
procedure, mice were placed on a heated platform with continuous flow of isoflurane through a nose
cone [1.5% isoflurane with 2.5 liters per minute (lpm) oxygen flow rate]. A reference electrode was
introduced subcutaneously in the scalp and ERG responses were recorded from both eyes with silver
wire electrodes placed on top of each cornea, with contact being facilitated with hypromellose solution
(2% hypromellose in Phosphate Buffer Solution/PBS) (Gonioscopic Prism Solution, Wilson
Ophthalmic, Mustang, OK, USA). Scotopic photoresponses were acquired under dark conditions with
flashes of LED white light at increasing flash intensities. For photopic photoresponses, animals were
light-adapted with rod-saturating white background light (30 cd.m-2) for 10 minutes and cone
photoresponses were subsequently recorded.

Immunohistochemistry
For immunohistochemical experiments, eyes were enucleated and immersed in 4% paraformaldehyde
fixative (4% PFA in Phosphate Buffered Saline [PBS: 137mM NaCl, 2.7 mM KCl, 4.3 mM
Na2HPO4·7H2O, 1.4 mM KH2PO4,]) for 30 min prior to the removal of the cornea and lens. Following
removal of cornea and lens, enucleated eyes were fixed for an additional 30 min, washed in PBS three
times for 5 min each, and incubated in 20% sucrose in PBS overnight at 4°C on a nutator. Following
overnight incubation, eyecups were placed in a 1:1 mixture of 20% sucrose in PBS and OCT (Cryo
Optimal Cutting Temperature Compound, Sakura) for 1 hr and flash-frozen in OCT. For ciliary staining,
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enucleated eyes were fixed in 4% paraformaldehyde in PBS for 30 sec and flash-frozen in OCT.
Cryosectioning was performed using Leica CM1850 Cryostat, and retinal sections of 16 µm and/or 12
µm (for ciliary staining) thickness were mounted on Superfrost Plus slides (Fisher Scientific). Mounted
Retinal sections were washed with PBST (PBS with 5% Goat Sera, 0.5% TritonX-100, 0.05% Sodium
Azide) 2 times for 5 minutes each and incubated for 1 hr in blocking buffer at room temperature (PBST:
PBS with 5% Goat Sera, 0.5% Tween 20, 0.05% Sodium Azide). After blocking, retinal sections were
incubated with primary antibodies at the dilutions described in Table I at 4°C overnight. For ciliary
staining, incubation with primary antibodies was done for 3-4 hrs at room temperature. After primary
antibody incubation, retinal sections were washed with PBST 2 times for 5 min and once with PBS for 5
min before incubation with secondary antibodies [anti-rabbit 488 (or 568), anti-mouse 488 (or 568),
anti-guinea pig 680, anti-chicken488] for 1hr. Nuclei were stained with DAPI nuclear stain 405. Slides
were mounted with ProLong Gold (Life Technologies) and cover-slipped. Confocal imaging was
performed with the Nikon's C2si+ system laser scanning confocal microscope using excitation
wavelengths of 405, 488, 543 and 647 nm. Micrographs were captured using the same exposure time
settings among all groups.

Immunoblotting
Mice were euthanized by CO2 inhalation followed by cervical dislocation, eyes were enucleated and
retina was dissected following previously established protocols (183). For immunoblots, flash-frozen
retinae were sonicated in phosphate buffered saline [PBS with protease inhibitor cocktail (Roche)].
Protein concentrations were measured using a spectrophotometer (Thermo Fisher Scientific, Inc.) and
the RC DC protein assay (Bio-Rad Laboratories, Inc.). Equal amounts of samples (100 μg total protein
per well) were separated in a polyacrylamide SDS–PAGE gel and transferred onto polyvinylidene
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difluoride (PVDF) membranes (Immobilon-FL, Millipore, Billerica). Membranes were subsequently
incubated in blocking buffer (Odyssey Blocking Buffer, LI-COR Biosciences) for 45 min at room
temperature and further incubated with primary antibodies overnight at 4°C on a bidirectional rotator.
Following primary antibody incubation (Table I), membranes were washed in PBST (PBS with 0.1%
Tween-20) three times for 5 min each at room temperature and incubated in secondary antibody, goat
anti-rabbit Alexa 680 (or 800), rabbit anti-goat Alexa 680 or goat anti-mouse Alexa 680 (Invitrogen) for
30 min at room temperature. After washes with PBST, membranes were scanned using the Odyssey
Infrared Imaging System (LI-COR Biosciences, Lincoln, NE, USA).

Photoreceptor ultrastructure
Eyes were enucleated and fixed in freshly made 2% paraformaldehyde, 2.5% glutaraldehyde, 0.1M
cacodylate buffer, pH 7.5 for 30 minutes before removal of cornea and lens. Enucleated eyes were
additionally fixed as mentioned above for 48 hours at room temperature under rotation (nutator).
Subsequent dissection, embedding and transmission electron microscopy were performed as previously
described (184).

Rod outer segment membrane isolation
The isolation of rod outer segment (ROS) membranes was performed using previously described
protocols with modifications (150, 151). ROS membranes were prepared using 20 murine retinae
obtained from adult wild-type animals. Briefly, the retinal tissue suspended in 300 μl of 8% (vol/vol)
OptiPrep (Sigma-Aldrich) in Ringer’s buffer (10 mM Hepes, 130 mM NaCl, 3.6 mM KCl, 2.4 mM
MgCl2, 1.2 mM CaCl2, and 0.02 mM EDTA, pH 7.4), was vortexed at maximum speed, followed by
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centrifugation at 250 x g for 1 min. The supernatant was collected. The pellet was re-suspended in 300
μl of solution containing 8% OptiPrep in Ringer’s buffer. The vortexing and centrifugation steps were
repeated as described above for five times. The pooled supernatant samples were layered on a 10–30%
(vol/vol) continuous gradient of OptiPrep in 12 ml of Ringer’s buffer The gradient was centrifuged for
50 min at 26,500 x g at 4 °C using a Beckman ultracentrifuge (Optima LE-80K; SW-41Ti). Intact ROS
membranes were found at two thirds away from the top. The ROS membrane band was recovered by
aspiration using a pasteur pipette and diluted with threefold Ringer’s buffer. The resulting suspension
was centrifuged for 3 min at 650 x g. To retrieve ROS membranes, the supernatant was collected and
placed in a 1.5ml ultracentrifuge tube (Beckman 9.5 X 38mm) and centrifuged for 30 min at 26,500 x g
using a table top Beckman ultracentrifuge (Optima TLX; rotor-TLA55). The resulting pellet contained
the isolated ROS membranes.

Experimental design and Statistical Analysis

All quantitative analysis was performed on age-matched Arl13b littermate wild-type controls and
knockout animals. For immunohistochemical analysis, at least 4 sections were imaged per sample and
data were derived from at minimum n > 3 independent experiments. Statistical analyses were performed
using GraphPad Prism software version 7.0. Data are presented as mean ± standard error margin.
Unpaired Student’s t tests were conducted to compare measured values between control and mutant
samples. Scotopic and photopic electroretinography (ERG) responses were analyzed with two-way
ANOVA and then applied Tukey post-hoc test for comparison of means between groups with p-value
<0.05. For cilia measurements, 80-100 cilia were measured for each animal (n=3) and data were
visualized with the ggplot2 package in R version 3.3.2. Image and densitometry analysis were
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performed using ImageJ-FIJI 1.50i along with the Bio-Formats plugin (NIH). Sex differences were
assessed for each outcome measure, with no significant change observed.
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4
Discussion and Future
Perspectives

As mentioned in Chapter 1, the outer segment is a modified ciliary compartment that houses all
of the protein machinery needed for visual transduction. The stacked-membranous disc architecture of
the outer segment (OS) represents a deviation from the architecture of traditional primary cilia. Another
key distinction rests with the fact that photoreceptor outer segments are constantly renewing their
cellular components, which means that new membranous discs must be continually synthesized, and
populated throughout the lifetime of the organism (9). The mechanistic steps and the identity of the key
proteins involved in the formation of the OS membranous disc, the maintenance of the OS, and the
transport of proteins from their sites of synthesis in the inner segment (IS) to the OS remain poorly
understood. The long-term goal of this study was to better understand the role of two ciliary proteins,
BBS8 and ARL13B, in assisting photoreceptor outer segment morphogenesis, maintenance, and
function. These two proteins are linked to retinitis pigmentosa (vision loss), highly enriched in the
photoreceptor OS, and have no known role in the phototransduction cascade. In the following sub108

chapters, we will discuss the main findings, additional preliminary findings, and future experimental
avenues that could be explored for studying both of these ciliary proteins in the context of vision.

4.1 Phenotypic similarities and differences between ARL13B and BBS8 mutants:
4.1.1 Retinogenesis
Since global ablation of ARL13B is embryonically lethal, we generated a conditional murine model
using a Cre recombinase driver-line under the Six3 promoter (Chapter 3). The Six3-Cre driver-line
ablates ARL13B in the retina and ventral forebrain at embryonic day 9.5 (185). Contrary to ARL13B,
global deletion of BBS8 did not result in embryonic lethality (Chapter 2). To study the role of BBS8 in
photoreceptor cells, we recovered a BBS8 global knockout (BBS8-null) mouse model from sperm
obtained from the UC Davis KOMP repository. This line contains a stop cassette that knocks-in a βgalactosidase reporter after exon 2, terminating Bbs8 gene transcription (Chapter 2). Due to low litter
numbers caused by fertility issues with the line (a symptom of BBS), we opted to generate a similar
model as ARL13B, where we delete BBS8 in the retina at embryonic day 9.5 (Chapter 3). Both BBS8
and ARL13B mutant models presented with a significant reduction in retinal photoresponse at the
earliest age tested (P15) (Chapters 2 and 3). In spite of this similarity, early deletion of ARL13B resulted
in defects in the proliferation of retinal progenitor cells at P5, leading to the loss of 2-3 nuclei layers by
the age of P10 (Chapter 3). In contrast, nuclei layers in BBS8-null retina were comparable to wild-type
littermate controls at P10. Several lines of evidence have shown the Sonic Hedgehog signaling pathway
to regulate cell proliferation and differentiation in the developing retina (186-189). Furthermore, the link
between primary cilia and Sonic Hedgehog (SHH) signaling was first formed when researchers began to
observe mutant models of ciliary proteins displaying defective patterning of the mouse embryo, as well
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as other phenotypes that are characteristic of defects in Sonic hedgehog signaling (190, 191). Corbit and
colleagues went on to demonstrate that mammalian Smoothened (Smo), a seven-transmembrane protein
essential for SHH signaling, is expressed within the primary cilium, its ciliary expression is regulated by
SHH pathway activity (192). Within the murine retina, SHH ligand is produced in the retinal ganglion
cells (RGC’s) and is required for the maintenance of SHH target gene expression in proliferating retinal
cells (RPC's) both in vivo and in retinal explants (188, 193). All retinal cells, except for astrocytes, are
derived from these multipotential retinal precursor cells (RPC’s)(194-196). We hypothesize that the
defects we observe in the proliferation of RPC's (Chapter 3), is due to defective Sonic hedgehog
detection and/or secretion due to aberrant ciliogenesis in the absence of ARL13B. To test this
hypothesis, a two-prong approach can be implemented: 1) Determine whether retinal ganglion cellderived SHH secretion, which acts to maintain RPC homeostasis (197), is impaired in ARL13B-null
retina, and 2) Determine whether SHH detection by RPC’s is impaired in ARL13B-null retina. The
major downstream targets of the SHH pathway are the Gli1 and Gli2 transcription factors, which
activate target gene expression in response to Smo signaling (198, 199). To determine if SHH detection
by RPC’s is impaired (caused by aberrant ciliogenesis) in ARL13B-null retina, we can measure the
relative protein expression of Gli1 and Gli3 in embryonic retinal explants stimulated with SHH ligand
(200). Alternatively, to determine whether the initial proliferation defects are originating from poor
SHH secretion from retinal ganglion cells, our ARL13B floxed animals can be crossed to a Cre
recombinase under a retinal ganglion cell-specific promoter (i.e., Chrnb3‐Cre) (201).
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In addition to defects in retinogenesis, our preliminary studies also showed defective retinal
angiogenesis in the absence of ARL13B, a result not observed in retina lacking BBS8 (Figure 4.1.1).
The retinal vasculature network is comprised of three interconnected layers of retinal vessels that are
entrenched among retinal neurons. The superficial layer lies adjacent to the ganglion cell layer, and the
intermediate and deep retinal vascular networks run along each side of the inner nuclear layer (INL)
(Figure 4.1.1a). Lastly, the choroidal vessels are located beneath the retinal pigmented epithelium (RPE)
and supply oxygen and nutrients to the outer portion of the retina (Figure 4.1.1a). In ARL13B-null
retina, we observe the retardation of capillary development in the intermediate layer compared to
littermate controls (Figure 4.1.1b right and left panels). Unlike ARL13B mutants, the intermediate layer
of the vasculature network of another retinitis pigmentosa murine model, Rd1-/-; which is characterized
by a mutation in Pde6𝛽 that leads to rapid and severe photoreceptor degeneration, is comparable to
Figure 4.1.1 Vascular changes in retina lacking ARL13B A) A schematic cross-section of the
retinal vasculature lining the inner surface of the retina and the choroid vessels. B) (Left panel)
Confocal sections of the superficial, intermediate, and deep vascular layer in ARL13B-null retina
and WT littermate controls at P18 (stained for Isolectin, n=3). (Right panel) 3D-reconstructed
image showing retardation of intermediate capillaries in mutant animals compared to wild-type
controls. Collaboration with Dr. Sujata Rao Cleveland Clinic.
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littermate controls and shows no retardation of intermediate blood capillaries (202). The Rd1 models do
display retardation of retinal vascular development in the vasculature deep layer (layer adjacent to the
photoreceptor neurons) (202). At present, the connection between photoreceptor degeneration and
vasculature angiogenesis is not well understood; however, recent papers support a role for cilia in
developmental angiogenesis (203). Goetz and colleagues demonstrated that alterations in ciliogenesis
impair endothelial calcium levels and perturb vascular morphogenesis (204). At present, it is unclear if
the defects observed in the vasculature intermediate layer of ARL13B-null retina is a response to
changing neuronal activity at the onset of neurodegeneration or defective ciliary signaling crosstalk
between retinal neurons and vasculature endothelia. Teasing out the origin of the observed vasculature
deficit in ARL13B-null retina could be an interesting avenue for future work.

4.1.2 Outer segment morphogenesis
Ultrastructural analysis of both BBS8- and ARL13B- null retina showed proper basal body docking and
connecting cilia/ transition zone development. Although ARL13B did have a higher percentage of
displaced basal bodies compared to littermate controls (Chapter 3 and Chapter 4). Interestingly,
embryonic deletion of BBS8 resulted in photoreceptors which formed outer segments and their
membranous-stacked discs. However, once formed, the outer segments became highly dysmorphic over
time. In contrast, ARL13B deletion prevented the formation of outer segments; where the OS did form,
they resembled highly vesiculated rudiments. These results suggest that ARL13B is needed for the
initial formation of photoreceptor outer segments, while BBS8 is not needed for OS development per
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se—the structural defects observed are most likely a secondary effect from the breakdown of protein
clearance that arises from BBS8 loss (see Chapter 2 or continue to Chapter 4.1.3).

In Chapters 2 and 3, we presented through ultrastructure analysis, that BBS8 and ARL13B mutant mice
accumulate extracellular vesicles directly adjacent to their dysmorphic OS rudiments. We made this
striking observation at both ages tested (P10 and P18), where we observed large amounts of extracellular
material in the subretinal space. In both IMCD3- and mouse embryonic fibroblast (MEF) cell lines
lacking BBS subunits, ciliary GPCR’s accumulated at the ciliated tip and were removed by ectocytosis,
forming extracellular vesicles (ectovesicles or EV’s) (65). These extracellular vesicles were similar to
the ciliary ectosomes, which had been described for other ciliated cells (65, 205, 206). The average
Feret diameter of ciliary EVs was just over 100 nm in cell culture studies, while the average Feret
diameter of both ARL13B- and BBS8-null retina was around 202 nm and 145nm, respectively. We
hypothesize photoreceptor extracellular vesicle formation is a response to protein accumulation and is
conserved across cilia. Indeed, photoreceptor ectovesicles were once thought to be an artifact of EM
sample preparation—only recently have they been linked to a ciliary process (207). At present, we have
only observed these ectovesicles form in some models of retinitis pigmentosa (i.e., Peripherin-2,
ARL13B, BBS8, IFT88 mutants). Identifying the contents of these ciliary vesicles (do they carry
accumulated GPCR's?) and determining if are they utilized by photoreceptor cells to ‘communicate’
with neighboring cells during healthy states could be a topic for future studies.

4.1.2 Development of ciliary structures: the microtubule axoneme, tubulin post-translational
modifications, and the Intraflagellar transport protein complex
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Microtubule axoneme and tubulin post-translational modifications
Although the ciliary axoneme and connecting cilia both form in ARL13B- and BBS8- null retina, as
evidenced by ultrastructural analysis, the axoneme is shorter in the mutants compared to wild-type
littermate controls. In the case of BBS8-null retina, the microtubule axoneme is shorter, and there is an
increase in tubulin acetylation (Chapter 2). Meanwhile, hyperacetylation was not observed in ARL13Bnull retina. The tubulin found in the ciliary axoneme and connecting cilia undergoes several
posttranslational modifications (PTMs), including tubulin acetylation (208). Perturbations in tubulin
PTMs have been linked to cilia dysfunction; however, it is unclear how microtubule PTMs are regulated
in photoreceptor cilia (118, 209, 210). In our BBS8-null mice, we observe an increase in acetylated
tubulin stained zones along the connecting cilia (Chapter 3), which suggests two possible scenarios: 1)
Independent from the BBSome complex, BBS18, the linker subunit between BBS4 and BBS8 (211), is
a known regulator of microtubule acetylation through its direct interaction with histone deacetylase 6
(HDAC6) (209). HDAC6 is known for its role in α-tubulin deacetylation and ciliary disassembly (212214). Our results also confirm that in the absence of BBS8, there are dynamic changes to the other BBS
partner subunits. One possible scenario for the increased tubulin acetylation is that BBS18 could be
upregulated in photoreceptors lacking BBS8, causing dysregulation of HDAC6 and subsequently
microtubule acetylation. 2) Interestingly, α-Tubulin N-acetyltransferase-1 (αTAT1) is considered the
enzyme responsible for acetylation of α -tubulin in ciliated organisms, and it has been shown to interact
directly with the BBSome complex (215-217). We cannot presently exclude the possibility that the
observed increased in microtubule acetylation in BBS8-null retina could be due to increased ciliary
localization of αTAT1 under a dynamic BBSome.
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To test if BBS8 ablation leads to upregulation and/or downregulation of microtubule acetylation, future
studies should focus on measuring relative protein levels of BBS18 (which was not performed during
our initial examination), HDAC6 and αTAT1 in retina lacking BBS8 by Western blot and compare them
to their wild-type littermate controls. Complementary studies exploring the temporal dynamics of gene
expression of the previously mentioned proteins by performing qPCR and quantifying the mRNA levels
in BBS8-KO retina would also be useful in determining if the potential changes in protein abundance are
occurring at the posttranslational level. Importantly, the activity of HDAC6 and aTAT1 is not the only
factor that dictates their regulation of microtubule stability; subcellular distribution also plays an
important role in substrate selection (218, 219). The BBSome complex interacts with both HDAC6 and
αTAT1 (57, 209, 217), so one possible scenario is that BBS8 ablation leads to the improper subcellular
localization of these tubulin PTM enzymes. Therefore, determining the subcellular localization of
HDAC6 and aTAT1 by immunofluorescence in BBS8-KO retina should also be done in conjunction
with the previously mentioned studies. Due to recent findings linking tubulin isoforms to retinal diseases
and dynamic changes of tubulin PTM’s in response to retinal disease (118, 220, 221), understanding the
relationship between photoreceptor cilia and their cytoskeletal regulation in the pathogenesis of BardetBiedl Syndrome could provide important insights to further dissect and understand the ‘tubulin code’.
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Intraflagellar transport complex
As mentioned in Chapter 1, the intraflagellar transport protein complex (‘IFT trains’) plays an essential
role in axonemal extension and regulation by aiding in the transport of tubulin into cilia. The IFT
complex is comprised of at least 20 different proteins and dissociates into two sub-complexes; IFT-A
and IFT-B (36, 37). Interestingly, when ARL13B was ablated in rod photoreceptors in adult animals
with the use of a tamoxifen-inducible Cre-driver line (Pde6g-CreERT2), we observed mislocalization of
intraflagellar transport protein-88 (IFT88) from the basal side of the connecting cilia (WT littermates) to
the photoreceptor inner segment two weeks after ARL13B deletion (Chapter 3 and Figure 4.1.2). IFT88
Figure 4.1.2 ARL13B and IFT88 subcellular localization within photoreceptors A) Adapted
from Sedmak et al., 2010, electron micrograph of anti-IFT88 immunolabeling in both the apical
side of the connecting cilia/ transition zone and the mother centriole region (basal area) of the
murine photoreceptor cilia. B) Our preliminary studies of anti-ARL13B immunolabeling in the
murine photoreceptor cilia, pink arrows indicate ARL13B density in the mother centriole, the
same region IFT88 is densely concentrated (A) (Collaboration with Dr. Hemant Khanna at
UMASS). C) Immunofluorescence of retinal cross-sections of tamoxifen-inducible ARL13B
mouse models two weeks after ARL13B deletion, showing lack of IFT88 at the basal zone of the
connecting cilia/transition zone, the same region that houses the mother centriole.
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is a member of the IFT-B complex, which is involved in anterograde (base to ciliary tip) protein
transport. We further determined the sub-ciliary effects of ARL13B deletion on the localization of other
members of the IFT-B complex (IFT20, IFT27) as well as the IFT-A complex protein IFT140 in
photoreceptor cilia (Figure 4.1.3). Interestingly, we observed no defects in the other IFT proteins tested.
Our preliminary findings do not exclude the possibility that other IFT members (from the ~20 IFT
proteins) are still affected.

Figure 4.1.3 IFT complex proteins 140,27 and 20 are properly localized in rods lacking
ARL13B. Immunofluorescence of retinal cross-sections of tamoxifen-inducible ARL13B mouse
models two weeks after ARL13B deletion, showing no observable differences in localization of
IFT trains in ARL13B-null rod photoreceptors (Middle panel & right panel with 2X magnification)
and littermate controls (Left panel).
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4.1.3 Protein transport to the photoreceptor OS: Rhodopsin, Syntaxin 3 and Phosphodiesterase-6
(PDE6)
Protein transport: Rhodopsin
In the primary cilia of cultured cells and olfactory sensory neurons, the BBSome is important for the
trafficking of GPCRs (222, 223). So, it was initially thought that the BBSome was mainly involved in
protein entry into the primary cilia; however, evidence for BBSome-mediated GPCR trafficking in
photoreceptors is not definitive due to the studies being performed at later ages when there is severe
photoreceptor degeneration and aberrant outer segment (OS) morphology (69, 70, 224). In
photoreceptors, the main GPCR transported to the OS is the light-sensing protein Rhodopsin (Zhao et
al., 2003; Pawlyk et al., 2016). In our BBS8-null retina, Rhodopsin was properly transported to the OS
at P10 before the onset of retinal degeneration. We do see the mislocalization of Rhodopsin from the OS
at P17, but at this age, there is significant photoreceptor degeneration, and the outer segment is shorter.
Importantly, the mislocalization of Rhodopsin has been observed in other murine models that exhibit
aberrant outer segment morphology (225, 226). Also, Rhodopsin is highly concentrated in
photoreceptor OS's, constituting ∼90% of total OS membrane protein (227). We hypothesize that
impaired Rhodopsin localization from the outer segment is not due to a requirement of BBS8 (BBSome)
for Rhodopsin transport, but rather due to loss of outer segment structure. Due to the vast amounts of
Rhodopsin molecules present in the system and the shorter and dysmorphic OS’s in BBS8-null retina,
Rhodopsin could be overloading the proteasomal degradation system, leading to the observed protein
accumulation in the IS and cell body. In fact, over-expressing the proteasome cap subunit (PA28α) in
rod photoreceptors carrying a Rhodopsin point mutation (P23H mutation) resulted in enhanced
proteasome enrichment and improved photoreceptor survival (228). To test our hypothesis, similar to
what Lobanova and colleagues did, we could breed PA28α-overexpressing mice with our BBS8-null
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mutants and determine rhodopsin concentration in the IS and outer nuclear layer (ONL). Alternatively,
we cross heterozygous (rho+/−) mice—which show ∼a 50% reduction in rhodopsin levels and exhibit
well-formed outer segments similar to those found in wild-type—with our BBS8-null mouse models and
determine Rhodopsin localization (229). In both cases, reducing the Rhodopsin load in BBS8-null
photoreceptors is the equivalent of treating one symptom of the disease, and theoretically should bring
about a delay in retinal disease progression.

On the other hand, ARL13B did show significant miss-accumulation of Rhodopsin in the photoreceptor
inner segment (IS) and outer nuclear layer (ONL) in our tamoxifen-inducible system (Figure 4.1.2). Of
note, the miss-trafficking of Rhodopsin was observed very early –two weeks after ARL13B deletion in
adult animals, before the onset of retinal degeneration and when the OS structure of the ARL13B mutant
was starting to show vesicle formation (Chapter 3). Due to IFT88 defects at this same time point, and
the strong link between IFT88 activity and Rhodopsin transport (48), we hypothesize that this
Rhodopsin accumulation is a by-product of IFT-B instability.

Protein transport: Syntaxin 3
A recent role for the BBSome in photoreceptors is that of ‘ciliary gatekeeper' since a vast number of
proteins typically found in the IS, and synapse are found accumulated in the outer segment of BBS17null animals (one example used was Syntaxin 3)(230). BBS17 is not part of the BBSome, but it
regulates ciliary localization of the BBSome (59). Similar to BBS17 murine models, we also confirmed
the miss-accumulation of Syntaxin 3 in our BBS8-null retina, as early as P10 (Chapter 2). In addition,
we generated a conditional line where we ablated BBS8 in cone photoreceptors, and also found Syntaxin
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3 accumulation in the cone OS (Chapter 2). Interestingly, the removal of ARL13B in mature
photoreceptors led to spurious accumulation (albeit not as severe as BBS8) of Syntaxin 3 to the OS
(Figure 4.1.4). At present, Syntaxin 3 miss-accumulation could be a more significant symptom of
ciliary dysregulation and not a BBSome-specific defect. Alternatively, ARL13B deletion could be
indirectly affecting BBSome function, leading to Syntaxin 3 mistargeting. The initial BBS17 mutant
study uncovered close to 138 non-OS resident proteins, which ‘leak’ into the OS in the absence of
BBS17. Future work should focus on corroborating this list in both BBS8 and ARL13B mutant models
Figure 4.1.4 Syntaxin 3 localization in ARL13B-null rod photoreceptors. A) Retinal crosssections of wild-type littermate controls stained against Syntaxin 3. B) Retinal cross-sections of
tamoxifen-induced ARL13B-null rod photoreceptors, 2 weeks after tamoxifen, probed for
Syntaxin 3. Scale bar: 10μm
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and determining if these proteins are also mislocalized. Additionally, BBSome subunits should be
studied in depth in the ARL13B tamoxifen-inducible murine model (slower degeneration model) to
determine if, in fact BBSome subunits are dysregulated in the absence of ARL13B.

Protein transport: Phosphodiesterase 6 (PDE6)
As mentioned in chapter 1, active GTP-bound ARL3 is involved in the proper targeting and release of
lipidated cargo proteins from their cargo-binding carriers (i.e., PDE6δ and UNC119) within the cilium
(231). Our lab has previously reported that ARL3-Q71L constitutively active transgenic mice displayed
progressive accumulation of prenylated cargo (i.e.PDE6, Rhodopsin Kinase-1 or GRK1) in vesicle-like
structures within the photoreceptor inner segment; demonstrating that defective ARL3 turnover leads to
inadequate cargo release in photoreceptors (147). ARL13B acts as the guanine nucleotide exchange
factor (GEF) for ARL3 in vitro (81). Hence, we hypothesized that in the absence of ARL13B, there
would be mistargeting of the protein cargoes associated with ARL3, and we did find miss-accumulation
of prenylated PDE6 in the photoreceptor IS. The study was conducted in the tamoxifen-inducible Credriver line, and PDE6 appeared to stain in a punctate fashion two weeks after ARL13B deletion, before
the onset of degeneration. Although the miss-accumulation seen in ARL13B mutant animals is not as
severe as that observed in ARL3 dominant active mutants, the result is reminiscent of the initial stages
of ARL3 dysregulation (see Figure 4.1.4). Surprisingly, we did not see the defective transport of GRK1
at this time (another ARL3-associated cargo). This result leads us to infer that the mild defects we
observe in the transport of prenylated proteins in ARL13B-null photoreceptors are due to GTPactivation of ARL3 not being solely dependent on ARL13B in vivo.
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ARL13B GEF-activity towards ARL3 has not been studied in depth in an animal model, and at present,
we have not identified the nucleotide bound state of ARL3 in ARL13B-null retina. Previous reports have
shown PDE6δ as an effector of active-GTP bound ARL3 (231). PDE6δ binds farnesylated, and
geranylgeranylated cargo and subsequent binding of activated GTP-ARL3 to PDE6δ induces the
conformational changes needed for the release of the cargo (146, 232, 233). In our system, it may be
possible to quantify ARL3 activation in ARL13B-null retina by affinity-precipitating ARL3-GTP with

Figure 4.1.4 Comparing PDE6 accumulation in the photoreceptor IS of ARL3 dominant-active
transgenic animals and ARL13B-null photoreceptors. A) Immunofluorescence of retinal crosssections probing for Rhodopsin and PDE6b, two weeks after ARL13B removal in photoreceptors. B)
PDE6b staining with increased contrast showing accumulation within the IS in photoreceptors lacking
ARL13B. C) Retina from transgenic animals that express constitutively active ARL3 (Tg+) display the
initial stages of PDE6 accumulation in the IS at P25 reminiscent of the initial stages of PDE6
accumulation in ARL13B-null retina.
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the effector GST-PDE6δ (81, 234) and subsequently compare relative protein levels between ARL13Bnull retina and littermate controls. Affinity purification using GST-PDE6δ in ARL13B-null retinal
lysates can then be further corroborated using a commercially-available antibody, which only recognizes
active, GTP-bound ARL3. If our hypothesis is correct, ARL13B-null retina should still have significant
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levels of GTP-bound ARL3, accounting for the mild defects we observe in the miss-accumulation of
ARL3-associated cargoes in ARL13B mutants.

4.1.4 Photoreceptor Maintenance
The deletion of ARL13B and BBS8 in fully mature photoreceptors leads to opposing outcomes in terms
of photoreceptor maintenance and viability. Visual photoresponse at P15 (the age at which animals start
opening their eyes) in BBS8-null retina showed a 50% reduction in rod visual response compared to
littermate controls. Contrary to the early development phenotype observed in BBS8-null retina (Six3-Cre
model), ablating BBS8 in mature rod photoreceptors using a tamoxifen-inducible Cre-driver line
resulted in slow loss of visual response (Figure 4.1.5). It took an average of three months after BBS8
ablation in mature rods to exhibit a significant reduction of rod photoresponse (Figure 4.1.5). This slow
progressive loss of visual response is similar to other BBS mutants (69, 70). Our results suggest that
fully mature photoreceptors are more resistant to the absence of BBS8, which could likely be due to the
presence of an altered BBSome “sub-complex” (see 4.2.1 for more details on BBSome subcomplexes),
which might be sufficient to maintain photoreceptor homeostasis in mature photoreceptors. Contrary to
BBS8, removal of ARL13B in adult rod photoreceptors precipitated significant reduction of rod
photoresponse as early as three weeks post-tamoxifen-induced deletion and complete loss of
photoreceptor nuclei layers was found five weeks after tamoxifen-induced deletion (Chapter 3). Taken
together, the absence of BBS8 in the developing photoreceptor leads to defective photoreceptor function
and viability, but the protein is not as crucial in the maintenance stage. ARL13B is not only vital to
retinogenesis, photoreceptor outer segment morphogenesis, and viability but also needed for
photoreceptor maintenance throughout the animal’s lifetime.
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Figure 4.1.5 Rod photoresponse
measured by Electroretinography
(ERG) in mature rods lacking
BBS8. (Top panel) ERG traces two
months after tamoxifen-induced
deletion of BBS8 displaying no
significant changes in mutant animals
(Rod-BBS8-/-) compared to wild-type
littermate controls (Rod-BBS8+/+).
(Bottom Panel) ERG traces three
months after tamoxifen-induced
deletion of BBS8 displaying
significant reduction in rod
photoresponse.

4.2 Piecing it together: Hypothetical models for ARL13B and BBS8 in photoreceptor neurons

4.2.1 The BBSome, a complex involved in the photoreceptor ciliary gate or ciliary exit? Both?
It is tempting to accept the model of the BBSome as that of a ciliary gatekeeper, especially with new
work published this year showing Syntaxin 3 accumulation in the photoreceptor OS of Cep290 truncated
mutants (235). CEP290 is a connecting cilia/transition zone resident protein that in Chlamydomonas
reinhardtii and Caenorhabditis elegans is required for the formation of Y-shaped linkers that extend
from the axonemal microtubules to the ciliary membrane (236-238). CEP290 has long been considered
a strong candidate involved in the ciliary diffusion barrier, with the absence of the protein leading to
altered cilia composition (239). When BBSome subunits are missing, we also see profound changes in
the protein composition of the outer segment (230). There are, however, some inconsistencies with this
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Gatekeeper

Cilia exit

Combination

Figure 4.2.1 Reported models for the role of the BBSome. (Left panel) The BBSome acting as
a ciliary gatekeep along the connecting cilia/transition zone, aiding in keeping inner segment
proteins out of the outer segment (i.e., Syntaxin 3). (Middle Panel) The BBSome in association
with the IFT complex aiding in retrograde (exit) transport along the photoreceptors, clearing out
proteins that diffuse in (i.e., Syntaxin 3). (Right panel) Due to the assumption (Chou et al., 2019)
that the BBSome core complex (lacking BBS2 and BBS7) could also be stable in tissues,
different BBSome subcomplexes could be fulfilling multiple roles in photoreceptor cilia (both
gatekeeper and ciliary exit).
model (Figure 4.2.1). The ciliary gatekeeper role does not clarify why the BBSome is dynamic and can
travel at IFT velocities in olfactory sensory neuronal cilia and traditional primary cilia of cell culture
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systems (64, 66). A subset of researchers in the field believe that the BBSome is involved in retrograde
protein transport (cilia tip to base), aiding as an adaptor for IFT trains (Figure 4.2.1). Very recent studies
using Stochastic optical reconstruction microscopy (STORM), show BBS subunits are found in clusters
throughout the photoreceptor connecting cilia and axoneme (240). This variety of locations of BBS
subunits cautiously supports the proposed role for the BBSome in the transport of cargo across the
connecting cilia, potentially through cooperation with IFT trains. To indeed confirm the retrograde
ciliary exit role of the BBSome, the secret now lies in uncovering the identity of BBSome cargoes and
the mechanism involved in BBSome- IFT complex interactions. Thus far, biochemical assays employed
to determine BBSome interactors and potential cargoes have been unsatisfactory, the issue is that the
BBSome, when purified as a complex, rarely ever brings along any other proteins (except for tubulin
and αTAT1) (57). Similarly, when subunits were studied independently, they mostly interacted with
other BBSome subunits, with notable exceptions (i.e., BBS18 and HDAC6) (209). It has long been
assumed that BBSome-cargo interaction is a very complex process that requires this large octameric
complex to be in specific structural conformations. This year two groups have resolved the atomic
structure of the BBSome complex and the core complex using Cryo-electron microscopy (211, 241).
Chou and colleagues resolved the structure of bovine BBSome by first purifying the complex from
bovine retina using GST-ARL6 (BBS3) columns (57, 211). As mentioned previously, ARL6
preferentially binds the fully assembled BBSome (Chapter 1). Alternatively, Klink and colleagues
purified human BBSome subcomplexes by expressing the subunits in insect cell lines (241). The
BBSome was found to have two conformations: a closed conformation when in solution, and an open
conformation when membrane-bound (211, 241).
Future studies on the BBSome complex will undoubtedly have a significant structural component to
them. Due to recently resolved structures, the focus will be geared towards understanding how cargo
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proteins get recognized in the different open and closed conformations of the complex. Hence, future
experiments will likely focus on purifying the complete BBSome complex utilizing the Chou et al.
method and adding purified 'potential interactors' (i.e., GPCR's, IFT proteins) to the solution to obtain
structures of the BBSome complex bound to different cargo proteins.

4.2.2 The dynamic and complex role of ARL13B in photoreceptor biology

A
)

B)

ARL13B WT

ARL13B KO

C)

Figure Legend next page

In addition to the problems arising from lack of ARL13B-mediated activation of ARL3 and based on the
complex phenotype observed in murine models, we propose ARL13B could be fulfilling multiple roles
within photoreceptor neurons (Figure 4.2.2c). Interestingly, ARL13B has been shown to interact, in a
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Figure 4.2.2 Potential Roles of ARL13B. A) Schematic model of a wild-type rod
photoreceptor showing properly stacked membranous discs with GPCR Rhodopsin and PDE6
bound to the outer segment (OS) disc. IFT88 particles connected to their molecular motors are
depicted here in the apical and basal side of the connecting cilium (CC/TZ) as they were
observed through immunofluorescence microscopy. B) Schematic diagram illustrating
photoreceptor rods 2 weeks after tamoxifen-induced deletion of ARL13B. OS vesicles are
starting to accumulate in the OS. Rhodopsin and PDE6 are found mislocalized to the inner
segment (IS), and we observe IFT-B (IFT88) proteins lost from the basal side of the CC and
apparent in the IS. C) List of potential roles for ARL13B in the context of photoreceptor
neurons.
nucleotide-independent manner, directly with tubulin through its G binding domain, with ARL13B
mutant (hennin mutant) nodal cilia showing disruptions of the outer doublet structure (B-tubule was not
completely attached to the A-tubule) (242, 243). Moreover, ARL13B immunofluorescence analysis in
murine retina follows a diffuse pattern within the photoreceptor OS, with ARL13B displaying high
enrichment in the microtubule-rich region of the CC/transition zone and the axoneme (Chapter 3). In
addition to immunofluorescence, our preliminary analysis using transmission electron microscopy
coupled to immunogold labeling of ARL13B demonstrated high enrichment of ARL13B in the
microtubule basal body, connecting cilia and axoneme of photoreceptor cilia (Figure 4.1.2b). As
mentioned previously, ARL13B has two palmitoyl anchors at the N-terminal region of the protein, and
our results show ARL13B to be found in disc-enriched fractions of our outer segment isolation preps
(79). We hypothesize that these lipid modifications are essential for the association of ARL13B with the
outer segment membranes that are directly adjacent to the axoneme. Taken together, ARL13B could be
binding to the photoreceptor axonemal microtubules and maintaining their structural integrity
(explaining improper B-tubule closing) as well as providing a direct link between the discs and axoneme
and/or as a part of a linker complex. In addition, the high enrichment of ARL13B seen in the mother
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centriole (Figure 4.1.2), a region which IFT88 is sequestered to, coupled with the lack of IFT88 staining
when ARL13B is ablated, could imply that ARL13B serves in the docking of IFT88 to this cargo
loading and assembly zone.

Present studies:
To delineate ARL13B’s complex role in photoreceptor biology, it is crucial to determine domainspecific dysfunction in each distinct ARL13B patient phenotype. ARL13B has an atypical extra 20 kDa
domain of unknown function, a domain which no other small GTPase possesses (90). We can target
regions within this domain and study phenotype rescue in both early development (Six3-Cre) and
maintenance (PDE6g-CreERT2) by performing sub-retinal injections of different ARL13B constructs
using Adeno-associated viral vector-mediated expression. In addition, identifying the protein interactors
of ARL13B within the different sub-ciliary zones in photoreceptor neurons could provide insights into
what regulatory roles the small GTPase is exerting in photoreceptors. During the course of our study, we
attempted to identify photoreceptor ARL13B interactors in two ways:
1) We performed label-free proteomics using our validated ARL13B antibody in retinal lysates.
After going through different parameters (normalized spectral abundance factor (NSAF) scores
of at least 3-fold change or higher between control and KO tissue, and elimination of protein hits
found in control), we reduced our list of potential candidates to 13 proteins. Using retinal lysates
under a variety of different buffers and conditions, as well as protein expression of ARL13B and
candidate proteins in cell culture systems, we attempted to corroborate these interactors and,
unfortunately, were unsuccessful.
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2) To resolve weak or transient interactors of ARL13B, we sought to employ a proximity-ligation
based approach (i.e.BioID) (244). BioID utilizes a promiscuous biotin ligase (BirA) attached to
a bait protein (ARL13B, in this case), which biotinylates proteins based on proximity (244).
Biotinylated proteins can then be purified (using Streptavidin beads) and further studied via
Mass-Spectrometry (244). We utilized the newer generations of this enzyme, known for their
smaller size and higher efficiency (TurboID and MiniTurboID) (244, 245). To confirm that
fusing BirA ligase to ARL13B would not affect ARL13B function, we transfected our BioIDARL13B constructs into mouse embryonic fibroblast lacking ARL13B (MEF hennin mutants).
Transfecting FLAG-ARL13B to this same cell line rescued the ciliogenesis defects observed in
hennin mutants. Unfortunately, TurboID-ARL13B and Mini-TurboID-ARL13B did not rescue
the ciliogenesis defects found in MEF hennin cells. At present, it remains to be determined if the
lack of rescue is due to the fusion protein not expressing properly or if the BirA ligase somehow
affects (i.e. biotinylates ) ARL13B function. Measuring relative protein levels of transfected
cells and probing with ARL13B and an antibody against BirA will address the first scenario and
performing a Streptavidin bead pulldown assay (recognizes biotinylated proteins) and probing
for ARL13B could address the second scenario.

Our lab has recently acquired two ARL13B murine models with different point mutations from our
collaborator Dr. Tamara Caspary (Emory). The first model is a V358A variant of ARL13B, which
affects ciliary localization by disrupting a known VxPx cilia localization sequence (86, 246). The
second model is the R79Q variant of ARL13B, a Joubert Syndrome patient mutation which affects
the GTP binding domain of the protein (85). Recent studies have shown that the R79Q mutation
does not affect GTP binding, but it does disrupt ARL13B-ARL3 interactions (90). Our most recent
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preliminary studies assessing the visual function of the V358A mutant animal show no significant
changes between mutant and wild-type littermates at P30 (Moakedi et al., unpublished). Later ages
are being tested currently. At present, R79Q animals have not been tested for the visual response due
to low mutant yield (and the student writing her thesis). To summarize, we find that ARL13B plays
an intricate role in photoreceptor development and maintenance. Future directions should focus on
targeting ARL13B domains and comparing the phenotypic profiles observed with ARL13B mutants
and the original knockout animal model studies (Chapter 3), in order to find any inconsistencies
between the two. The previously mentioned ARL13B mutant mouse models are a step towards that
goal.
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4.3 Concluding remarks
Dysfunction of ciliary proteins in the context of photoreceptor biology gives rise to very similar
phenotypes, and these similarities make it challenging to dissect protein-specific molecular roles during
each developmental process. In our study, we sought to perform a careful analysis of the different
phenotypic profiles present in both BBS8 and ARL13B models. We were able to show apparent
deviations in photoreceptor cellular processes ranging from early retinogenesis, photoreceptor outer
segment development, maintenance, and protein transport. With the recent advancements in superresolution microscopy, additional roles for BBS8 and ARL13B are likely to be uncovered and will
greatly contribute to our understanding of developmental mechanisms and ciliopathy diseases.
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